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THE 


PHYSICAL REVIEW. 


AN ABSOLUTE DETERMINATION OF THE MINIMUM 
IONIZING ENERGY OF AN ELECTRON, AND THE 
APPLICATION OF THE THEORY OF IONIZATION 

BY COLLISION TO MIXTURES OF GASES. 


By EpwIn S. BISHOP. 


HE theory of ‘“‘ionization by collision” has been very beautifully 
worked out by J. S. Townsend and verified by him and others! for 
various gases at low pressures. The orignial purpose of these experiments 
was to submit the theory to a more rigid test by extending the observa- 
tions to wide ranges of pressure, and by predicting, if possible, the 
electrical properties of a mixture of gases, the properties of the constituent 
pure gases being known. 

Professor Townsend has shown that an ion in a sufficiently strong 
electric field will acquire sufficient kinetic energy between some of the 
collisions with the molecules to produce new ions from the neutral 
molecules. He has further shown that if the field strength is not too 
high, it is only the negative ion which is effective in producing new 
ones. Under these conditions, if we have mp ions set free by the action 
of the ultra-violet light at the negative plate of the two parallel plates 
between which the electric field is established, then the number of ions 
n reaching the positive plate is given by the formula 


n = noe" (1) 


where e is Napier’s base, @ is the number of ions (either positive or 
negative) produced by the collisions of a negative ion in passing through 
one centimeter of the gas, and d is the distance between the plates in 

1 Townsend, Nature, Vol. LXII., Aug. 9, 1900; Phil. Mag., Feb., 1901, June, 1902, Nov., 
1903, March, 1905; Townsend and Kirkby, Phil. Mag., June, 1901; Townsend and Hurst, 


Phil. Mag., Dec., 1904; Hurst, Phil. Mag., April, 1906; Gill and Pidduck, Phil. Mag., Aug., 
1908. 
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centimeters. Townsend! has also shown that for large values of X/p 
(field strength in volts per cm. + pressure), the positive ions also produce 
new ones by collision, so that if 8 is the number of ions (either positive 
or negative) produced by a positive ion in passing through one centimeter 
of the gas, then the number of ions m which reach the positive plate is 
given by the equation 

Nola — B)e-8 4 


a — Ber-*™ 


Inasmuch as all the experiments herein described were carried out at 
pressures much higher than those used by Townsend, the values of X/p 


are comparatively small, and consequently the first formula n = noe** 
was found to satisfy all of the experimental data. 


DESCRIPTION OF APPARATUS. 


The apparatus which was used for finding the conductivity between 
two parallel plates is shown in Fig. 1. The conductivity was started 


OUOUas 

















by means of ultra-violet light falling upon the aluminum plate B, from 
the spark S, which consisted of two zinc electrodes. The spark was 
maintained by the discharge of four Leyden jars across the secondary 
of a Scheidel induction coil. The Scheidel coil was run on an alternating 
current from a rotary generator, the current which supplied the coil being 


1 Townsend, Phil. Mag., Nov., 1903. 





























No. 5.] MINIMUM IONIZING ENERGY OF AN ELECTRON. 327 


kept constant throughout a set of readings as well as the speed of the 
rotary generator. In this way the intensity of the light from the spark 
could be kept at any desired value, and a set of readings could be repro- 
duced at any time with an error of less than three per cent. The ioniza- 
tion of the gas took place between the plates A and B, which were five 
centimeters in diameter. Plate G was a piece of heavy plate glass with 
a circular aperture one centimeter in diameter, over which was cemented 
the quartz plate A;. Plate A was asilvered quartz plate with lines ruled 
every four tenths of a millimeter over an aperture one centimeter in 
diameter, to allow the passage of the light. Plate B was made of alumi- 
num, mounted on a metallic screw which turned in the metal nut JN, 
by means of the rod R. EF: was a piece of ebonite about three centimeters 
long inserted between the screw and the rod to secure insulation. EF, 
was an ebonite base which was held firmly in place by inserting into it 
glass rods, G;, Gz (G3; not shown in diagram), which were fastened to the 
sides of the glass ionizing chamber with cementium. Plate B was made 
as accurately parallel with plate A as was possible before fastening plate 
G, which carried plate A by means of pillars, to the ionizing chamber. 
Plate G was sealed to the apparatus with De Khotinski cement. Con- 
nection was made between the plate B and the electrometer by a wire 
passing from the nut N through an amber plug in the side of the ionizing 
chamber. C was a cylindrical condenser the inside of which was con- 
nected to the plate B and the electrometer, and the outside of which 
was connected by the slide wire W to a high resistance bridge X Y to 
which was applied about six volts for the measurement of the smaller 
currents. The positive potentials applied to the plate A were obtained 
from storage batteries, and varied from fifty to thirty-four hundred volts, 
depending on the pressure of the gas. These voltages were read on one 
of four Kelvin and White static voltmeters which ranged from 0 to 90 
volts, 0 to 360 volts, 0 to 900 volts, 0 to 1,600 volts respectively. The 
voltmeters were first accurately calibrated by Mr. Kadesch and myself 
with a standard voltmeter, and were accurate to within one half per cent. 
A Gaede pump attached at P served to evacuate the whole system. A 
MacLeod gauge attached at M was used to measure pressures up to four 
centimeters. The higher pressures were read directly from a mirror 
scale placed back of the tube M. R,; and R2 were glass reservoirs of 
about 500 c.c. capacity which contained the gases to be studied. R; was 
kept nearly filled with hydrogen throughout the course of the experi- 
ments. The hydrogen used was produced by the electrolysis of phos- 
phoric acid in distilled water. It was then bubbled through an alkaline 
solution of pyrogallic acid to remove the oxygen and passed into three 
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drying tubes which contained caustic potash, calcium chloride, and 
phosphorous pentoxide respectively. All connections for this system 
were glass-sealed joints. After staying in the drying tubes for at least 
eight hours, the hydrogen was admitted to the reservoir R,. The reser- 
voir R2 contained either air or else carbon dioxide, depending on the gas 
or mixture being studied. The carbon dioxide was carefully prepared 
and dried, as was also the air. The volumes of R; and R2 were accurately 
determined before setting up the apparatus by weighing each empty and 
then filled with water at a known temperature. The barometer tubes 
leading down from R; and R, were each provided with a scale so that 
by knowing the change in pressure and volume of each reservoir, the 
quantity of each gas which was admitted to the ionizing chamber was 
known with an accuracy of one tenth per cent. The ionizing chamber 
for each set of observations was first exhausted to a pressure of one 
thousandth of a millimeter or less, with the Gaede pump, and then filled 
with a fresh supply of gas to a pressure which was always about ten 
centimeters greater than that for which the observations were to be 
taken. The ionizing chamber was then exhausted to the desired pres- 
sure. By this means, the traces of any gas left could never have been 
more than one hundred-thousandth part of the whole, and would there- 
fore produce an entirely negligible effect. The apparatus was tested 
several times during the course of the experiments and when exhausted 
to one thousandth of a millimeter or less, the increase of pressure during 
three hours, the time required to make a set of observations, was never 
found to be more than two thousandth of a millimeter, so that any 
impurities in the gas arising from leakage or occluded gases in the ap- 
paratus must have produced an entirely negligible effect. 


METHOD OF OBSERVING. 


To make an observation the desired positive potential was applied 
to plate A; plate B, the pair of quadrants to which B was connected, 
and the inside cylinder of the capacity were earthed, and the slide wire W 
was at X (always zero potential). The spark was then started, plate B 
and its connecting system unearthed, and the time noted with a stop 
watch which was required for B to acquire a positive charge which could 
be just balanced by sliding the wire W of the inductive balance from X 
to Y. By this means the deflection of the electrometer could be kept 
within a fraction of a millimeter of its zero point, at a distance of 150 
cm., during an observation. Three trials were usually made for an 
observation, the individual trials seldom varying by more than two per 


cent. from the mean. 
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To obtain a set of data the above process was repeated for several 
positive potentials applied to plate A, starting with potentials consider- 
ably less than was required to produce ionization by collision and con- 
tinuing up to voltages which produced ionization currents that could 
just be balanced on the bridge. 

If we let V represent the P.D. across the inductive balance, c the 
capacity of the condenser, electrometer, and plate B, and ¢ the time 
in seconds required for plate B to acquire the potential V, then the 
currents through the gas will be proportional to cV/t. Since the capacity 
is constant the currents will be proportional to V/t, and these are the 
values for the current which are given in Figs. 2 to 10 inclusive. 

It will be noted from the figures that the so-called saturation current 
slowly increases with the potential applied to plate A until the field 
strength (potential + distance between plates) is sufficient to produce 
new ions by collision, at which point the increase in current becomes 
much greater. Before that field strength is reached, equal small incre- 
ments in current are produced by equal large increments in the potentials 
applied to plate A, giving a straight line when plotted up to the point 
where ionization by collision begins. This gradual increase in the so- 
called saturation current is probably due to two causes. First, as the 
field strength is increased, fewer of the electrons released by the action 
of the light are discharged back to the plate, and second, the energy 
of emission of the electron from the plate added to the energy it received 






® Current 


poeee Owes 


50 100 150 200 250 Valls 
Fig. 2. 








330 EDWIN S. BISHOP. (VoL. XXXIII. 





200 300 400 500 600 Vo/Ts. 











1400 1600 1800 2000 2200 Volts. 
Fig. 4. 











No. 5.] MINIMUM IONIZING ENERGY OF AN ELECTRON. 331 




















. 
} 
' 
i 
‘ 
4 
Fig. 5. 
ty 
*w a 
: 
: 
‘ ° : 
2. ' 1) 
' 
- : 
4 
le a | 
Hl 
sis 7 ; 








300 








& 


to 





EDWIN 8S. BISHOP. (VoL. XXXIII. 





Current 


S 


600 800 1000 1200 Volts 


Current 


1400 1600 1800 2000 Volts, 


Fig. 8. 























No. 5.] MINIMUM IONIZING ENERGY OF AN ELECTRON. 333 


SERS OSS0S £0000 60046 6 HENNE CENSS DEST HOSES 5684s ROSES SEHSs Hn See HESSs Penee bands SEETS COEDS FOO Oe ee ee eee eeb bs sebaneees 


+4544444 


Current. 





1SSS8 SOSS0 Sess SDees See 


300 400 500 600 700 Volts. 





400 1 800 2000 2200 Vo/ts. 


Fig. 10. 








314.8 
353.5 
392.3 
431.0 
469.7 
508.4 
547.1 
585.8 
621.9 
658.1 
683.9 


1,032 
1,161 
1,290 
1,355 
1,419 
1,484 
1,548 
1,613 
1,677 


4,425 
4,830 

243 
5,650 
6,035 
6,150 


un 


6,543 
6,997 
7,503 
8,020 
8,580 
9,100 


from the field would be sufficient to ionize at the first impact, although 
the field strength were below the minimum ionizing field strength. When, 
however, the field strength attains such a value that the electron acquires 
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TABLE I. 


Hydrogen. 
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sufficient energy between some of the impacts to ionize, then the current 
will increase rapidly for small increases in field strength. Thus the 
potential (or field strength) at which ionization by collision begins is 
obtainable either from the data or the curves and these points are indi- 
cated on the curves by two concentric circles. All the data for these 
experiments is obtainable from the curves, the abscisse representing 
the number of volts applied to plate A and the ordinates representing 
the corresponding values of V/t (volts applied to inductive balance X Y 
+ time for plate B to acquire the potential V). The tables accompanying 
the curves show the values obtained for the ionizing energy for corre- 
sponding values of the field strength. The value of mo in all cases was 
taken as the value of the current at these doubly circled points, and n 
was the value of the current for any higher potential. The method of 
determining the minimum ionizing energy XXpo (free fall of the electron 
in volts) is given in the next general heading of this paper. 

The values of @ for various field strengths X were then calculated 


TABLE II. 


Carbon Dioxide. 





Pressure 1 cm. Pressure 3.53 cm. 
n 453, @ —.3875 cm. my =.197, a@ = .3875 cm. 

A nn a a’ XV nie a xX’ 
534.2 1.60 1.213 553.7 1,548 1.59 1.197 1,558 
572.9 1.79 1.503 583.8 1,806 3.22 3.017 1,810 
609.0 1.95 | 1.733 605.4 1,935 5.00 4.152 2,009 
645.2 2.43 | 2.291 656.9 2,064 7.97 5.357 2,066 
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from the formula m = me**, and are given in Tables I., II., and III. 
The computed values of the field strengths XY’ required to produce the 
same current, 7. e., the same value of 2/7 are given in the last columns 
of the same tables. The method of obtaining these will be described 








in a later section. ¥ 
TABLE III. 
Air. 
*l¢ 
Pressure 2.64 cm, Pressure to cm. 
, .498, @ = .3875 cm. , 197, @ 4cm. 
\ , a . \ non a \ 
1,290 1.25 .576 1,287 4,480 1.56 1.212 4,576 
1,419 1.59 1.197 1,419 4.600 1.86 1.551 4,709 
1,548 2.00 1.789 [oan 4,800 2.46 2.250 4,892 
1,677 3.21 3.009 1,699 4,948 3.13 2.852 5,033 
1,806 5.02 4.163 1,843 5,145 4.28 3.635 5,200 
1,935 7.53 5.210 1,959 5,345 5.78 4.386 5,348 
ba a inet nage sig ae 
Pressure 4.923 cm. 9,918 8.83 5.445 5,542 
Ny = 155, & = .3875 cm. 5,778 11.57 6.114 5,056 
5,925 15.58 6.857 5,778 
> 39 3 9 ? 358 
ee — | 2 | oo 6,125 23.20 7.851 5,933 
2,581 2.14 1.963 2,594 
? §3¢ 3 53 395 72? Pressure 5.27 cm. 
2,é 39 3.33 3.254 2,824 “= 20, ¢= sem. 
3,097 6.64 4.885 3,068 - - 
3,226 10.13 5.969 3,214 £4,343 1.20 471 2,365 
3,354 16.25 7.187 3,365 2,581 1.68 1.332 2,613 
3,419 21.60 7.920 3,452 2,839 2.48 2.344 2,825 
3,097 4.02 3.592 3,042 
3.355 7.90 5.334 3,301 
3,484 15.90 7.130 3,000 
DETERMINATION OF THE MINIMUM IONIZING ENERGY. . 


Mr. Bergen Davis! has deduced a theory for the minimum kinetic 
energy which a negative ion must have in order to ionize a molecule by 
impact. He has shown that if a is the number of ionizing impacts which 
a negative ion makes in passing through one centimeter of a gas, / is 
the mean free path of the ion, and > is the minimum path which results 
in ionization, then the number of ionizing impacts is given by the following 
equation: 

Ao A 


ie! | Xo ‘Bi(-~*) ] J 
a= 1° I+ 1° Et ] , 
which may be written 


eee ” Ki ( - 7}. (2) | 


1 Bergen Davis, PHYSICAL REVIEW, Jan., 1907. 
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The values of the ponential integral Ei(— 9/1) were obtained by him 
from tables by Dr. W. Laska (Sammlung von Formeln). The values of 
al and the corresponding values of Xo// as computed by Davis are given 


in Table IV. 


TABLE IV. 
A a Ao al Ag é al 
.04 8536 4 .3893 4 .0032 
.06 804 6 .2762 5 .00099 
A .7247 8 .2008 6 .00032 
.14 .656 Rs .1485 7 .000142 
e .574 1.5 .0731 8 .000034 
Ze .518 Z. 0375 9 .0000114 
e .496 3. .0106 10 .00000387 


These values were plotted on three large curves about thirty centi- 
meters each way, using the values of \o// for the abscissee and the corre- 
sponding values of al for the ordinates. By referring to these curves 
the value of \o// corresponding to any experimental value of a/ could be 
interpolated within a fraction of one per cent. 

The values of the mean free paths of hydrogen, carbon dioxide, and 
air at 76 cm. pressure and 23° C. in all these experiments were taken 
to be .0000185, .00000654, and .00000983 cm. respectively. At other 
pressures the mean free paths were taken inversely proportional to the 
pressure. In all cases the mean free path of the negative ion (electron) 
was taken to be 5.65 times the mean free path of the gas molecule at 
that pressure. If the electron is negligible in size, then its mean free 
path would be four times that of the gas under the same velocity condi- 
tions. Since, however, the electron when in fields sufficiently strong to 
cause it to ionize, moves with a velocity of order higher than that of the 
molecules,' its mean free path should be V 2 times as great on that 
account.2. Thus the mean free path of the electron in a gas should be 
4V 2 times the mean free path of the molecule of the gas.! 

Using this value of / and the experimentally determined values of a@ 
(see Tables I., II., III.), the values of \o// corresponding to the values of 
al for the various field strengths were found from the curves previously 
described. The minimum ionizing energy expressed in the number of 
volts through which the electron must freely fall would then be 

X1Xo 


Energy (Volts) = he Xo. 


1From e/m =5.6 X10" E.S.U. and equating }5mv? to XeX, the minimum ionizing velocities 
of the electron in hydrogen, carbon dioxide, and air are 10°, 4.3 X10%, and 4 X10° times as 
great as the velocities of agitation of the molecules of these gases respectively. 

2J. C. Maxwell, Phil. Mag., Ser. 4, Vol. 19, p. 29, 1860. 
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The data for the different gases is shown by the curves of Figs. 2 to 
10 inclusive, and the results for XX» corresponding to different values of 
X are shown in the tables accompanying those figures. A summary of 
all the values of XXo for the different gases and pressures is given in 
Table V. 

TABLE V. 


Hydrogen. Carbon Dioxide. Air. 


Pressure NVAg Pressure VA, Pressure VAo 
incm. in cm. in cm. 
1 9.67 1 6.44 2.64 10.20 
1.9 9.59 3.53 6.28 4.92 10.22 
4 9.64 > 6.17 5.27 10.18 
5 9.68 6.05 6.16 10 10.22 
10 9.72 10 6.21 
20 9.68 
30 9.67 
40 9.64 


In finding the final mean of XX (Table VI.) for the different gases 
the above values of YX» were given weights proportional to the pressures, 
since the accuracy of several observations increases with the pressure. 
The value of the minimum ionizing energy expressed in ergs would be 


Xo 

Energy (Ergs) = ——-e 
gy (Ergs) a00 °°? 

where e is the value of the elementary charge on the electron. The 

value of e used here was 4.89 X 10-", which was the value recently 

determined by Professor R. A. Millikan! by experiments on oil drops and 


which has been verified by E. Regener.? 


TABLE VI. 


Gas. NXAg (Volts). AeAy (Ergs). 
eee eee ee 9.66 1.58 x 107"! 
ae 6.21 1.01 «10-4 
BN teeta wanes | eRe 10.21 1.67 X10-"! 


1R. A. Millikan, Science, Vol. XXXII., Sept. 30, 1910, and PHYSICAL REVIEW, April, I9II. 

2E. Regener, Physikalische Zeitschrift, Feb. 15, 191t. 

’The mean free paths used in determining the above values were taken from Meyer's 
Kinetic Theory. The mean free path of air at 23° C., computed from the most probable 
value of the coefficient of viscosity as given by R. A. Millikan in the PuysicaL REvVIEw, April, 
IQII, p. 386, is 5 per cent. less. This value of the mean free path of air gives a value for the 
ionizing energy which is 4 per cent. less than the above, or 9.8 volts. It will be noticed that 
O. V. Baeyer’s value of 10 volts, which is the most direct determination which has been made, 
lies between these two values. This would indicate that Jean's correction for the persistence 


of velocities is not here needed. 
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Lenard,'! by a very direct method obtained 11 volts for the ionizing 
energy of air, and O. v. Baeyer® by a similar direct method obtained 10 
volts. For a review of other work on this subject the reader is referred 
to an article by Dr. Kleeman, published in the Proceedings of the Royal 
Society, June 9, 1910. 


RELATIVE IONIZING ENERGY FOR THE DIFFERENT GASES. 


If we plot the field strengths corresponding to the doubly circled 
points of Figs. 2 to 18 inclusive as ordinates, and the corresponding 
pressures as abscissa, we obtain the straight lines shown in Fig. 19. 





Fig. 11. 


These are the minimum ionizing field strengths and are denoted by Xj. 
From these curves the very important law follows, that the minimum 
ionizing field strength for any gas is directly proportional to the pressure, 
or for any gas 

X; 


= Cst. (3 
> 3) 


This equation satisfies the conditions at least for pressures above one 
centimeter. The straight lines are produced as dotted lines back to 
the origin merely to show that the law is a direct proportion. However, 
this law, as is well known, does not hold at low pressures and the experi- 

1Lenard, Drude’s Ann. der Phys., Vol. 8, 1902. 

20. v. Baeyer, Verhandlungen der Deutschen Physikalischen Gesellschaft, Vol. 10, p. 100, 
1908. 
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mental data would not follow the dotted portions of the curves, but 
would curve up as very low pressures were approached, the minimum 
ionizing field strength increasing very rapidly for high vacua. The 
straight line for hydrogen does not show the results for pressures of 
20 and 40 centimeters. The results may be obtained from Figs. 4 
and 5, X; being equal to V/d (volts applied to plate A corresponding 
to doubly circled points + distance d between the plates). These points 
fall on the straight line for hydrogen produced. Thus thelaw X,/p = Cst 
has been verified up to 40 cm. pressure for hydrogen, and up to 10 cm. 
pressure for each of the gases, air and carbon dioxide. This constant 
was found to be 200 volts per cm. per cm. of pressure for hydrogen, 400 
for air,' and 356 for carbon dioxide. In obtaining these values the mean 
of X;/p for the different pressures was taken, each determination being 
given a weight proportional to the pressure of the gas. 

First Method—Relative Energy: If the mean free path of the electron 
were the same in two gases, the relative ionizing energy of these gases 
would be 


eS (4) 


where FE; and £2 are the minimum ionizing energies of the first and 
second gases respectively, and X;, and X;, are the corresponding minimum 
ionizing field strengths. But the ratio of the mean free paths of the 
electron in the two gases is the same as the ratio of the mean free paths 
of the molecules of the two gases, if the electron is negligible in size 
in comparison to the molecule. Since the energy acquired by the electron 
between impacts in the two gases is proportional to the mean free paths 
L, and Ly of the gases, therefore the right hand member of Eq. (4) must 
be multiplied by this ratio. Hence we have for any two gases 


-_ Ly =) 
hae ae ‘S, 


For air and hydrogen, 


Ex, 400 .00000983 


es a = 1.0632. 
Eu 200 .O0O00185 3 
For air and carbon dioxide, 
Ex 400 .00000983 , 
= = = 1.689. 


Eco, 356 .00000654 


1P. J. Kirkby, Phil. Mag., Feb., 1902, p. 222, states that the smallest value of X/p which 
gives an appreciable value of a is 40. This corresponds to X/p equal to 400 here since the 


pressure he used was given in millimeters. 
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For hydrogen and carbon dioxide, 


Eu 200 .0000185 
“ onth 

Eco. 356 -, = 1-599. 
“OO¢ 356 .00000654 

Second Method—Relative Energy: The fact that the minimum ionizing 
energy remains constant at all pressures, taken in connection with the 
law X,/p = Cst, shows that the mean free path of the electron in a gas 
must be inversely proportional to the pressure of the gas. Hence in 
order to make the mean free path / of the electron the same in two gases, 
all we have to do is to make the pressures of the two gases proportional 
to the mean free paths of the gases, 7. ¢., pi/p2 = Li/Le. 

If we obtain the ionization curves for these pressures (see Figs. 12 








1990 88000 SESS SHOs8 8: 
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400 600 800 1000 1200 Vo/ts. 





and 13) in the following manner, we shall have the necessary data for 
determining the relative ionizing energy of the two gases. Accordingly 
the spark was adjusted so that the value of m) was the same in the two 
gases, 1. e., the currents were made the same for the minimum ionizing 
field strength in each gas. This was done in some cases by changing 
the intensity of the spark, and in others by adjusting the distance of the 
spark above the plate. 

Since we have mp the same in both gases, it is clear that if we take two 
points on the two curves where m is the same, 1. e., where the ionization 
currents are equal, then a, the number of ions produced by collision in 
each gas, must be the same. Having m, a, and / the same for both gases 
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their relative energy must be the ratio of the field strengths of any two 
points on the curves for which m is the same, for since the distance d 
between the plates was the same for both gases, the relative ionizing 
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energy must be simply the ratio of the positive potentials V, applied to 


the plate A, or 


Ei, WV; 

ZV (6) 
when 

pr _ Ls 

bz Le 


and m, a, /, and d are the same for both gases. 

For air and hydrogen see Fig. 12 and table accompanying it. Here 
E,/Exn = 1.060. 

For hydrogen and carbon dioxide see Fig. 13 and accompanying table. 
Here Ey/Eco, = 1.537- 

No data were taken by this method for comparing air and carbon 


dioxide. 

Third Method—Relative Energy: A third method for obtaining the 
relative ionizing energy is by comparing the absolute values given in 
Table VI. While this is not a direct method, it serves somewhat as a 
check on the absolute values there given, since it gives the same relative 
ionizing energy as the first two methods. 








—_ 
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i ? t hvd Ey, 10.21 
‘or air and hydrogen | = = 1.057. 

: 8 Ex 9.66 37 
. . “a E 10.21 
For air and carbon dioxide, —;— = = 1.644. 

“COs 6.21 
. P . En 9.66 
For hydrogen and carbon dioxide, = a? 1.556. 
“CO9 dua 


For purposes of comparison the results of the three methods are given 
in Table VII. 
TABLE VII. 


Relative Ionizing Energies. 


EEY Ex ECO, EH ECO, 
First method J 1.063 1.689 1.589 
Second method iets 1.060 No data. 1.537 
Third method =F 1.057 1.644 1.556 


METHOD OF COMPUTING THE FIELD STRENGHTS REQUIRED TO 
PRODUCE A GIVEN CURRENT IN A PURE GaAs. 


Professor Townsend has shown that for small values of X/p 


X 
37 F(5), 


and that when X/p becomes large enough so that the positive as well as 
the negative ions produce new ones by collision 


5-0(;). (8) 


where 8 is the number of ions (either positive or negative) produced by 
the collisions of a positive ion in passing through one centimeter of the gas. 

In the present work the values of X/p are small compared to those 
used by Townsend, because of the fact that much higher pressures were 
used in this work than in his. According to his curves showing the rela- 
tion between 8/p and X/p, the values of 8 in the present experiments 
would be entirely negligible. Also since the values of @ obtained in 
these experiments (see Tables I., II., III.) gives a constant value of Xo 
for all field strengths and pressures, it follows that in these experiments 
the positive ions could not have produced new ions by collision. 

In order to show that a/p is some function of X/p all of the values 
of a/p and corresponding values of X/p (taken from Tables I., II., III.), 
for all of the points observed (see Figs. 2 to 10) were plotted on a large 
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scale, and the result is shown in Fig. 14, which is reduced to about one 
seventh of the original size. These points fall upon a smooth curve and 
consequently prove the existence of such a function. When they were 
plotted it was at once evident that these curves intercepted the X-axis 
at Y/p = X;/p, where X;/p was the constant determined from Fig. 11 





Fig. 14. 
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for the different gases. This would necessarily have to follow since @ 
must be sensibly zero for field strengths which are very slightly less than 


the minimum ionizing field strength. Thus the function at once reduces 


to 
X XX; 
»~N5-s) - 


where X,;/p = 200 for hydrogen, 356 for carbon dioxide, and 400 for air. 
It was then found that all of the curves (Fig. 14) were satisfied by the 


a (= =) (10) 
=al— — : 10, 
p p p 


general equation 


where a and + are constants depending on the gas and were determined 
from two points which fell exactly on the curve. This gave the follow- 
ing equations for the curves of Fig. 14 for hydrogen, carbon dioxide, and 
air respectively. 


a 4 1.615 
= .00026067 ( - 200) ; 


Pp p 
a (= , ) 515 
= .0004029 — 250 . (II) 
p Pp 
a B 4 1.615 
= .0001594 ( -— 400) . 
p P 
From equation (10) 
o(5 8) 
a=ap{— — 
p P 


Substituting this value of @ in the equation m = me*’ and taking the 
logarithm of both sides gives 
n (= =) 
og, = apr > p (12) 
This equation with the values of the constants a, b, and X;/p given in 
equation (11) was applied to all of the data on pure gases. 

The observed values of m/mo (see Tables I., II., III.) were substituted 
in equation (12) and the values of the field strengths X’ computed which 
ought to give that current according to the theory. These computed 
values of X are given in the fourth column of Tables I., II., III., under 
the heading X’ to distinguish them from the applied field strengths 
given in the first columns of the same tables under the heading X¥. The 
observed and computed values are in nearly all cases within the experi- 
mental error, the mean per cent. of difference between them for any gas 
being less than 1.5 per cent. 
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APPLICATION TO MIXTURES. 


In the following discussion, if we have m per cent. of one gas present 
in a mixture and (100 — m) per cent. of another gas, we mean by this that 
the partial pressure of the first is m per cent. of the total pressure of the 
mixture and that therefore m per cent. of the molecules present are of 
the first gas and (100 — m) per cent. are molecules of the second gas. 

Let Q, be the cross section of the first kind of molecules. 

Let Q: be the cross section of the second kind of molecules. 

Let L; and Lz be the mean free paths of the pure gases respectively. 

Let the total cross section Q; of the first pure gas be represented by 
100. Then if we take a mixture of gases containing m per cent. of the 
first kind and (100 — m) per cent. of the second kind, the total cross 


section Q,, of the mixture for the same pressure will be 


Qm = mQ; + (100 — m)Qz 


or 


L 
Om mQ; + (100 — m)Qr 7» (13) 


since from the kinetic theory Q,/Q2 = L/h. 

Then if the electron is negligibly small and moves with a velocity of 
order higher than that of the molecules, we may consider the molecules 
at rest and take the mean free path of the electron in the mixture to be 
inversely proportional to the cross section Q,, of the mixture. Then if 
l, is the mean free path of the electron in the pure gas and /, in the 
mixture we have 

h — Qm 
i ~ Oy 7 (14) 

For hydrogen and air Ly/L, = 1.88. If we let Quy = 100 represent 
the total cross section of pure hydrogen, Qos, Qs0, and Q7; represent the 
total cross sections of mixtures of hydrogen and air containing 25, 50, 
and 75 per cent. of air respectively, and Q, the total cross section of air, 


all for the same pressure, we have, applying equation (13) 


Qu = 100, 

Qos = 75 + (25 X 1.88) = 122, 

Oso = 50 + (50 X 1.88) = 144, (15) 
Qs = 25 + (75 X 1.88) = 166, 

OQ, = 188. 


From the above it is evident that in a mixture of 75 per cent., hydrogen 
and 25 per cent. air, for example, the mean free path of the electron 
would be 1.22 times as small in the mixture as in the pure hydrogen at 
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the same pressure. Thus the mean free path of the electron in this 
mixture is the same as it would be in pure hydrogen at a pressure 1.22 





times as great. 

In general the electron will behave in ionizing the hydrogen in any 
mixture as though the pressures were Q,,/Qy times p where Q, is the 
cross section of all the molecules in any mixture and Qy is the cross 
section that they would have were they all hydrogen molecules. This 
new value will be called the apparent pressure and will be denoted by P; 
or 


F Om (16 
= ’ I 
1* On p ) 


Similarly the electron will behave in ionizing the air in the mixture as 


though the pressure were 
P, = S* (17) 
_= 17 


Since there are m per cent. of the hydrogen molecules present at an 
apparent pressure P; and (100 — m) per cent. of the air molecules at an 
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Fig. 15. 


apparent pressure P2, then equation (12) for a pure gas will become for a 


mixture of two gases 


x io he Xi, 
ae ) + (100 — m)a2P2d P, 


> )", (18) 


n 
log. = ma,P,d ( 
No 
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where the subscripts refer to the first and second gases respectively. In 
first term of the right-hand member of equation (18) represents the part 
of the current due to the ionization of the first gas and the second term 
that due to the second gas. 

For the ionization curves for mixtures of air and hydrogen (See Fig. 
15) equation (18) becomes for the different mixtures 


n p 4 1.615 
I. log. = .0002607 X 5 X 3875 ( a 200) ; 
No 5 
1 4 1.615 
II. log, = .75 X .0002667 X 6.1 X .3875 ( - 200 ) : 
70 6.1 
_ 1.615 
+ .25 X .0OOI594 X 3.245 X .3875 ( ———_ ae 400) ; 
3-245 
n x 1.615 
IIT. log, — = 90 X .0002667 X 7.2 X .3875 (_ — 200 ) ‘ 
0 7:2 
(19) 
x 1.615 
+ .50 X .0OOI594 X 3.83 X .3875 ( “" ae 400 ) : 
IOS 
n X 1.615 
IV. log.— = .25 X .0002667 X 8.3 X 3875 ( — 200) , 
No 8.3 
A 1 615 
+ .75 X .0001594 X 4.415 X 3875 ( -— 400) ; 
4-415 
n p 4 1.615 
V. log. “te 0001594 X 5 X .3875 ( - * 400 ) ; 


To apply the formulz of (19) the values of the field strengths X’ given 
in the third column of Table VIII. were substituted in the equations and 
there resulted the values of m/no given in the second column of that table. 
From the curves (Fig. 15) it was possible to determine what experimental 
value of X would be required to give the same value of n/m, 1. e., the 
same ionization current. These experimental values are given in the 
first column of Table VIII. headed X. The actual pressure in these 
mixtures was 5 cm. and the distance between the plates A and B in all 
cases was .3875 cm. The agreement between the experimental values X 
and the computed values X’ of the field strengths required to produce a 
given current in the mixtures in all cases was within the experimental 
error. 

It will be noticed that the curves on mixtures of air and hydrogen, II., 
III., and 1V., Fig. 15, are spaced between the curves for the pure gases, 


I. and V., almost proportionately to the percentage of the mixture. This 
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is what might have been expected since the ionizing energy for air is only 
six per cent. more than that for hydrogen, so that in mixing the two gases 
the main effect was to decrease the mean free path of the electron as we 
increase the content of the air in the mixture, thus increasing the field 
strength required to produce a given ionization current in approximately 
the same proportion that the mean free path of the electron has been 
decreased. The above proportion would be exactly true were the ion- 
izing energies for air and hydrogen the same. 


TABLE VIII. 


Mixtures of Air and Hydrogen. 


I. 100 ¢ H, m») =.420. IV. 25% H, 75 % Air, % = .548 
\ nn x A NI x” 
1,128 1.15 1,161 1,735 1.03 1,807 
1,290 1.44 1,290 2,034 1.34 2,064 
1,564 Fe 1,548 2,334 2.13 2,323 
1,817 6.68 1,807 2,600 3.92 2,581 
1,858 8.18 1,871 2,716 soe 2,710 
1,923 11.10 1,935 2,830 8.16 2,839 
II. 75 « H, 25 % Air, 1% = .458. V. 100% Air, » 600. 
1,388 1.16 1,419 2,000 1.02 2,064 
1,548 1.42 1,548 2,307 1.30 2,323 
1,688 1.85 1,677 2,581 1.95 2,581 
1,814 200 1,807 2,848 3.35 2,839 
1,941 3.64 1,935 3,107 6.46 3,097 
2,070 5.46 2,064 3,166 7.05 3,161 
2,173 8.55 2,194 
III. 50% H, 50% Air, %) = 496 
1,475 1.03 1,548 
1,798 1.39 1,807 
2,059 2.32 2,064 
2,335 4.60 2,323 
2,452 6.83 2,452 





Consequently it was thought desirable to further test the theory by 
using mixtures of gases which varied largely in their ionizing energies, 
and for this purpose mixtures of hydrogen and carbon dioxide were 
chosen, the ionizing energies of these gases being 1.58 XK 107"! ergs and 
1.01 X 107" ergs respectively. 


APPLICATION TO MIXTURES OF HYDROGEN AND CARBON DIOXIDE. 


For hydrogen and carbon dioxide Ly/Lceo, = 2.83. If we let Qy = 100 
represent the cross section of the hydrogen, Q:s, Qso, Qzs, represent the 
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cross sections of mixtures of hydrogen and carbon dioxide containing 25, 
50, and 75 per cent. of carbon dioxide respectively, and Qeo, the cross 
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section of the carbon dioxide, then applying equation (13) we have 


Ou 
Qos 
Oso 
Ors 
( Dex de 


If then we apply equations (16) and (17) to those in (20) we shall 
obtain the apparent pressures for each of the gases hydrogen and carbon 


dioxide in the mixture. 


values of a,, a2, b;, b2, from equation (11), the values of m and (100 — m) 
given in Fig. 16, the values of X,,/p and X,,/p for hydrogen and carbon 
dioxide respectively, and the value of d, all in the general equation (18) 


100, 

75 + (25 X 
50 + (50 X 
25 + (75 X 
283. 


Substituting these values of P,; and Ps, the 


2.83) = 145.75, 
2.83) = 191.5, 
2.83) = 237.25, 


(20) 


and we obtain the following five equations for the curves of Fig. 16. 


nN p 1.615 
I. log, = .0002667 X 5 X 4( _ 200 ) ‘ 
No 5 
II. log.” x 67 Xx x 4 ( - 
. log. = .75 .0002667 X 7.288 : sae 
s No ik / / 4 7.288 
X 
+ .25 X .0004029 X 2.575 X .4 ‘2 
2-575 
n X 
III. log. - = .50 X .0002667 X 9.575 X .4 * 
No 9-575 
| x 
+ .50 X .0004029 X 3.383 X .4 ; 
3-353 
IV. log. x 667 X 11.86 X ( 
og = .25 X .0002667 11.86 X. 
S* ng - . +\ 11.86 
+ .75 X x x ( = 
.75 X .000402¢ 192 X. 
79 4929 X 4.19 4 4.192 
n e 4 1.515 
V. log. np = 10004029 x5 xX 4( = a 356) , 
0 5 


The values of the field strengths given in the last column, Table IX., 
headed X’ were then substituted in the equations of (21) and the cor- 
Then from the curves of Fig. 16 


responding values of n/m) computed. 


the experimental values of X which would give the same values of m/m 
were determined and are given in the first column of Table IX., headed X. 
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TABLE IX. 


Mixtures of Hydrogen and Carbon Dioxide. 





I. 100% H, 9 = .095 III. 50# H, 50% COs, x .099. 
x y nm hy \’ 
2.47 1,500 1,737 1.83 1,750 
5.72 1,750 2,000 2.96 2,000 
9.36 1,875 2,265 5.89 2,250 
16 2,000 2,490 13.3 2,500 
28.6 2,125 2,765 37.1 2,750 
75 « H, 25 ¢ COn, x .097. IV. 25% H, 75% CO,» «IOI 
1.83 1,625 1,990 2.07 2,000 
2.31 1,750 2,225 3.79 2,250 
4.92 2,000 2,482 7.74 2,500 
11.9 2,250 2,763 19.2 2,750 
33.4 2,500 3,012 42.7 2,950 


V. 100 & COs, 2% = .103. 





NH Ny 
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The average per cent. of difference between the experimental values X 
and the computed values X’ for the mixtures of hydrogen and carbon 
dioxide in Table IX. is .9 per cent.; for the mixtures of air and hydrogen 
in Table VIII. it is also .g per cent., and for the pure gases, hydrogen, air, 
and carbon dioxide, in Tables VIII. and IX. it is .9 per cent., 1.5 per cent., 
and 1.1 per cent., respectively. From this it is seen that the theory has 
been checked with the same degree of accuracy in mixtures of gases as in 
pure gases, and that in practically all cases the computed and observed 
field strengths do not differ by more than the experimental error. 


SUMMMARY AND CONCLUSIONS. 


1. The theory of ionization by collision has been verified for pressures 
as high as 40 centimeters. 

2. The minimum ionizing energy for any gas is constant, being inde- 
pendent of the pressure and field strength so long as the latter is suffi- 
ciently high to produce new ions by collision. 

3. These ionizing energies were here found to be 9.66, 6.21, and 10.21 
volts, for hydrogen, carbon dioxide, and air, respectively. 

4. The minimum ionizing field strength is directly proportional to the 
pressure, or X,/p = cst, for pressures at least above one centimeter. 

5. The relative ionizing energy of any two gases may be determined by 


E, X, L 
(1) Ex. 7 


where E, X, and L are the ionizing energy, minimum ionizing field 
strength, and mean free path of the two gases. (2) Or by the second 
equation 

Eki Vv 

FP a V2 . 
where V; and V2 are the potentials applied to plate A, when the pressures 
of the two gases are in the ratio 

pi ly 


pb: Ly’ 


and mo, a, /,and d are the same for both gases. 


sar 


has been reduced to the special one 


6. The general function 


a ( X AX; ) ° 
= ¢ _ P 
p 
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This, combined with the equation n = nge*” gives 


n . aa os 
log. = apd — : 
No p p 
The second of these equations enables us to determine a for any field 
strength and pressure, and the third one enables us to compute the field 
strength required to produce a given value of m/no for any pressure, and 
distance between plates, within the range of these experiments. 
7. By combining the latter expression for two pure gases the value of 
n/no for any field strength, pressure, and mixture can be computed by a 
formula of the general form 


X X; 


X Xi, )" 
P, p 


') + (100 — m)asPed ( AS 


log, —— mayPrd ( 
10 
In conclusion the writer wishes to thank Professor Michelson and the 
staff of the Physics Department for their continued interest in this work, 
Mr. Fred Pearson for his kind assistance in setting up the apparatus, 
and especially Professor Millikan for suggesting the problem and for his 
valuable help and encouragement. 
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STUDIES IN LUMINESCENCE. 
By Epw. L. NICHOLS AND ERNEST MERRITT. 


XVI. THE FLUORESCENCE AND ABSORPTION OF CERTAIN 
URANYL SALtTs.! 

| ECAUSE of their brilliant fluorescence and the interesting character 

of their absorption spectra the uranyl salts have frequently been 
the subject of study. The fluorescence spectrum consists of several 
narrow bands, as many as seven frequently being observable. At low 
temperatures the bands are so narrow as to be comparable with the bright 
lines of a gaseous spectrum. Upon observing the spectrum one is struck 
with the regular arrangement of the bands, which occur with increasing 
wave-length intervals in passing from violet to red. It would appear 
that there must be some connection between the bands analogous to that 
between the different lines of a spectrum series. The absorption spectra 
of the dissolved salts also consist of a number of sharp and regularly 
spaced absorption bands, and the absorption spectrum of the solid salts, 
although less frequently studied, has been found to be of the same 
general character. It was pointed out by E. Becquerel* that the absorp- 
tion bands appear to form the continuation of the series of fluorescence 
bands, and in 1885 H. Becquerel® found that in the case of uranyl nitrate 
the two series of bands overlap, so that certain bands may appear either 
as absorption bands or as luminescence according to the conditions of 
observation. The same phenomenon has recently been observed with 
uranyl potassium sulphate at the temperature of liquid hydrogen by J. 
Becquerel and Onnes.* 

Our chief purpose in taking up the study of the luminescence of the 
uranyl salts was to determine whether the different bands of the lumines- 
cence spectrum are to be regarded as independent bands, each with its 
own region of excitation, or whether, as seemed more probable, they form 
a connected series, such that the excitation of one necessarily involves the 
excitation of all. In connection with this inquiry we have been led to 
extend the investigation so as to include other questions connected with 
the luminescence of these salts, and in the present communication shall 
describe the results thus far obtained. 


1A portion of the apparatus used in this investigation was purchased under a grant from 
the Carnegie institution. 

2 Mémoires de l’Académie des Sciences, Vol. 40, 1872. 

’Comptes Rendus, 101, p. 1252, 1885. 
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WAVE-LENGTHS AND RELATIVE INTENSITIES OF THE BANDS IN THE 
LUMINESCENCE SPECTRUM. 

A list of the salts studied, which were obtained from Kahlbaum, is 


given in Table I. In each case the wave-length of the crest of each of 


TABLE I. 


Wave-length and Relative Intensity of the Fluorescence Bands. 


Uranyl Nitrate Uranyl Nitrate 

Uranyl Acetate. (Crystals). (Aakepdeous n Uranyl Phosphate. 
Wave- Sow Wave- ; Wave- : Wave- Inten- 
length. eens length. aneatiads length. satenshty. length. sity. 
4,719 1.1 4,708 4.850 

4,875 38.1 4,869 45.2 4,849 43.5 5,015 78. 
5,085 100. 5,086 100. 5,071 100. 5,239 100. 
5,321 62.1 5,329 50. 5,311 54. 5,483 39.7 
5,583 24.3 5,585 5,569 5,748 

5,874 4.2 5,866 5,854 

6,188 6,145 

Urany! Sulphate. —- ~ om Uranyl] Chloride.! ee. 
Wave- : Wave- ; Wave- ; Wave- Inten- 
length. Intensity. length. Intensity. length. Intensity. length. sity. 
4,757 2.3 4,766 1.8 4,769 4,843 5.1 
4,925 38. | 4,920 41.8 4,950 | 5,008 49.2 
(4,891) | 

5,149 100. | 5,130 100. 5,121 | 5,237 100. 
(5,097) 

5,397 58.8 5,360 65.1 5,369 5,460 57.2 
(5,340) 

5,662 21.6 5,606 24.2 5,631 5,727 33.2 
5,930 10.9 5,881 9.7 5,928 5,996 16.7 

6,190 2.0 6,294 


the fluorescence bands is also given. In measuring these wave-lengths 
a Hilger constant deviation spectrometer was used. This instrument 
was provided with two collimators, each having an adjustable slit, and 
with a Lummer-Brodhun cube; in fact, as constructed for our use it 
formed a Lummer-Brodhun spectrophotometer, similar in all respects 
to the usual instrument of this type except for the fact that a constant 
deviation prism was used. The calibation of the drum was frequently 
checked by reference to the mercury lines and found to be accurate to 
within one, or possibly two, Angstrém units. The salt was excited by 
the rays from a quartz mercury lamp, the collimator slit being made as 


1In the case of the chloride the fluorescence was so faint that no attempt was made to de- 
termine the relative intensity of the bands. 
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narrow as the brightness of the luminescence would permit. The crest 
of each band was located by means of the pointer in the evepiece, this 
being set to the position of greatest brightness as estimated by the eye. 
Owing to the fact that the bands are so narrow no great error can be 
introduced by this procedure. Upon repeating the settings the different 
wave-length determinations rarely differed by more than two or three 
Angstrém units, and the variation was usually less than this in the case 
of the brighter bands. We feel therefore that our wave-length determina- 
tions can scarcely be in error by more than five Angstrém units and that 
the accuracy is probably considerably greater than this in the case of 
bright bands. 

In al! of the salts studied the general appearance of the luminescence 
spectrum was much the same, although the bands differed somewhat in 
width in the case of the different salts. The three principal bands of 


uranyl nitrate (crystals) are shown in Fig. 1,' the excitation being pro- 




















8 50 52m b4 \ 
54 
Fig. 1. Fig. 2. 
The three brightest bands of uranyl The three brightest bands of uranyl-potas- 
nitrate. sium sulphate. 


duced in this case by the violet line of the mercury arc at 0.434. In the 
double sulphate of uranyl and potassium (Fig. 2) the bands are much 
narrower as well as more intense. 

The luminescence spectra of the different salts appeared to differ from 
one another chiefly as the result of a shift of the spectrum as a whole. 
In all cases the bands toward the violet end of the series, as well as those 

1JIn Figs. 1 and 2 the ordinates show the intensities in the luminescence spectrum as 


compared with the intensities, for the same wave-lengths, in the spectrum of the acetylene 
flame. 
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lying toward the red, were relatively weak, and the bands of intermediate 
wave-length were the strongest. Upon measuring the intensities of the 
different bands in the case of the double sulphate of uranyl and potassium 
the relative intensities were found to be those indicated graphically in 
Curve B, Fig. 3. Each band is plotted as a line having the wave-length 
of the crest of the band, and the length of this line is proportional to the 
measured intensity. The intensity, which was first determined with 
reference to an acetylene flame, has been expressed in terms of energy, 


10 














A. Energy distribution in the brightest fluorescence band of uranyl-potassium sulphate. 

B. Distribution of energy among the seven fluorescence bands of uranyl-potassium sul- 
phate. 

C. Energy distribution in the fluorescence band of fluorescein. 

D. Energy distribution in the spectrum of a black body at 1259°. 


the curve of energy distribution in the acetylene spectrum determined in 
our previous work! being used for this purpose. 

The distribution of energy among the different bands of the series in 
the case of the uranyl salts seems to be very similar to the distribution of 
energy in a single band of a luminescent substance like fluorescein, 
resorufin, or Sidot blende. To bring out this point we have sketched in 
a curve connecting the upper ends of the lines giving the intensity of the 
several bands, and for comparison the curve of energy distribution in 
fluorescein is plotted on the same diagram? (Curve C). 

It is interesting to notice that the distribution of energy in a single 
band is very similar to the distribution among the several bands. To 
illustrate this we have plotted as Curve A, Fig. 3, the distribution in the 
brightest band of the double sulphate, the scale of wave-lengths being 
large as so to make the width of the single band as plotted approximately 
the same as the width of the groups of bands, B. In the same figure we 
have also plotted for comparison the curve of energy distribution for a 


1 PHYSICAL REVIEW, Vol. XXX., p. 328, IQI0. 
2See Nichols and Merritt, PHysicaL REview, Vol. XXX., p. 328, I9I0. 
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black body at 1259° (Curve D) the wave-length scale in this case being 
greatly reduced.' It will be noticed that all four curves in Fig. 3 are 
obviously of the same type. 

It is known that the width of each of the uranyl bands depends upon 
the temperature, these bands being almost as narrow as lines at the 


temperature of liquid air and reaching a width of perhaps 100 Angstrém 
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Relative intensity of the fluorescence bands of several urany] salts. 


units at ordinary temperatures. It seems probable that at still higher 
temperatures this broadening would continue and that finally the series 
of bands would overlap to such an extent as to appear as a single band 
having somewhat the shape of Curve B in Fig. 3. If observations were 


1 Plotted from the observations of Lummer and Pringsheim. See Kayser, Handbuch der 


Spectroscopie, Vol. 2, p. 120. 
































No. 5.] STUDIES IN LUMINESCENCE. 359 


made at this high temperature only it would not be possible to distinguish 
the individual bands, and it would be natural to ascribe the luminescence 
to a single broad band. It appears to us not unlikely that in the case 
of many luminescent substances the conditions at ordinary temperatures 
are those which would probably obtain for the uranyl salts at high tem- 
peratures, and that the broad luminescence band of a substance like 
fluorescein is in reality the result of the overlapping of a series of bands. 
We have indeed recently presented experimental evidence of the com- 
plexity of this and other fluorescent compounds. 

The relative intensity of the different bands was determined in the 
case of several salts. The results are presented graphically in Fig. 4 and 
numerical values are given in Table I.2_ It is clear that the law of distri- 
bution of energy among the bands is much the same for all of the salts 
studied. 

The shift in the wave-length of the bands as we pass from one salt to 
another does not appear to bear any simple relation to the molecular 
weight of the salt or of its acid component. If we compare, however, the 
anhydrous and the crystalline nitrate we find that there is a slight shift 
toward the longer waves in the case of the latter. This seems reasonable 
on account of the added weight of the water of crystallization. 


EXCITATION BY LIGHT OF DIFFERENT WAVE-LENGTHS. 


If all the bands of the luminescence spectrum are due to the vibrations 
of a single connected system it would be natural to expect that an agency 
which excited one would also excite the rest, especially if luminescence is 
due to the recombination of ions dissociated by the exciting light, or to 
the return of an electron set free by the exciting agency. On the 
other hand if each band is due to some process going on in one par- 
ticular compound or molecular aggregation it would be natural to expect 
that wave-lengths might be found which would excite one band and not 
the rest, or which would at any rate excite the bands in different degree. 

To test this matter we have measured the distribution of intensity in 
the bands for excitation by different lines in the ultraviolet spectrum of 
the quartz mercury lamp. The intensity of fluorescence with this exci- 
tation is not sufficient to permit the measurement of all the bands, so 
that the three brightest bands only have been measured. In Table II, 

1 PHysICAL REVIEW, XXXII., p. 38. 

2 In the case of the nitrate (crystals) and the phosphate the intensity was measured only 
for the three brightest bands, and the lengths of the dotted lines indicating the intensity 
of the other bands are estimated. In the case of the anhydrous nitrate the inten ity was 


measured for four bands, but the results for the band at 5,569 were so erratic as to throw doubt 
on the value of the intensity plotted for this band. 
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the intensities for excitation by the different lines in the mercury spec- 
trum are given for five different uranyl salts. Curves showing the 


TABLE II. 


Relative Intensity of Excitation of the Three Brightest Bands by Five Different Lines in the 
Spectrum of the Mercury Arc. 


Intensity! of Luminescence at 


length of —— Ratio «a Ratio 
Exciting : 
Light. Band a, Band /, Band «, 
4,920 A.U. 5,130 A.U. 5,360 A.U. 
Uranyl-potassium 436u 12.5 22.7 7.45 0.55 0.33 
sulphate. 407 12.6 26.4 8.45 0.48 0.32 
ee 4,920  .366 10.5 23.2 6.65 0.45 0.29 
Danes cee saan 16.25 22.9 8.27 0.71 0.36 
( ...5,300| .254 8.83 13.9 4.25 0.64 0.31 
Uranyl phosphate. .436u 10.0 10.2 3.07 0.98 0.30 
407 6.04 6.06 1.90 1.00 0.31 
Band a .5,015 .366 9.7 9.7 2.47 1.00 0.25 
b Oo9| isd 11.1 10.4 3.04 1.07 0.29 
c 5,483 .254 6.85 5.35 1.28 —_— 
Uranyl nitrate 436u 22.9 38.7 45.5 0.59 0.41 
(anhydrous). 407 43.3 pe a 9.30 .67 0.41 
Band 6...<... 4,849 .366 15.3 20.7 8.87 74 0.43 
Dixicus cen ae 21.8 31.6 11.7 .69 0.37 
bsincoc cee oe 6.0 aa 5.2 78 0.42 
Urany] nitrate 436u 18.6 re Be 10.0 0.69 0.37 
(crystals). 407 17.5 24.5 8.6 0.73 0.35 
peed G....:. 4,869 .366 12:2 18.3 r 0.67 0.41 
b 5,086 .313 is 25.6 9.6 0.67 0.38 
6. .5,329| .254 8.3 10.5 4.0 0.79 0.38 
Uranyl fluorid fluor-| .436u 10.3 11.2 32 0.92 0.33 
ammonium. 407 23.3 25.0 7.7 0.93 0.37 
Band a.......5,008| .366 20.4 25.7 7.6 0.79 0.30 
ie Suciteereel 5,237| .313 37.5 43.4 11.5 0.87 0.27 
Cicisc. QOL aa8 15.8 17.6 5.4 0.90 0.32 


variation of the relative intensity with the wave-length of the exciting 
light are shown for uranyl nitrate crystals in Fig. 5, and for the double 
sulphate in Fig 6. In each case the intensity of the most intense band 
has been put equal to 10. The variation was greater in the case of the 
double sulphate than in the case of any other salt studied. The observa- 
tions were repeated in the case of this substance on two different days 
and a comparison of the full and dotted curves indicates the extent to 
which the results agree. In the case of the other salts studied curves 
very similar to that of Fig. 5 were obtained. 


1 The intensities given in Table II. are not corrected for the energy distribution in the 


acetylene flame. 
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It will be noticed that the lower curve in Figs. 5 and 6 indicates a very 
nearly constant ratio between the intensity of the brightest band and 
that of the band lying next in the direction of the red. But if we compare 
the brightest band with the band lying next on the violet side we find a 
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Fig. 5. Fig. 6. 


Showing the relative intensities of the brightest fluorescence bands of uranyl nitrate 
(Fig. 5) and uranyl-potassium sulphate (Fig. 6). The intensity of the brightest band is put 
equal to 10. The upper curve in each figure refers to the band lying next to the brightest 
toward the violet. The lower curve refers to the band toward the red. Abscissas give the 
wave-length of the exciting light. [See Table II.] 


considerable variation in the ratio of intensities, especially in the case of 
the double sulphate. It appears to us probable that this variation is the 
result of a partial absorption of the luminescence by the substance. 
The absorbing power of a given salt is probably different for the different 
mercury lines used, so that in some cases the exciting light may pene- 
trate much further into the substance than in others. It is clear that 
those bands for which the absorption is greatest will appear relatively 
weaker when the exciting light penetrates a considerable distance into 
the substance, even if the relative intensity of the excitation of the differ- 
ent bands is really the same for all wave-lengths of the exciting light. 
The observed distribution of energy would correspond with the actual 
distribution only in case an excessively thin layer of the substance is 
excited,—so thin that the absorption of the light emitted is negligible. 
As a matter of fact the band lying to the violet side of the maximum is 
in a region where the absorption is considerable; while the brightest 
band and those lying to the red are in the region where the absorption is 
small. The constancy of the ratio in the case of the lower curves, and 
the small variation of the ratio shown by the upper curves are therefore 
entirely consistent with the view that the observed variations are the 
result of absorption, and that the first effect of excitation, whatever may 
be the wave-length of the exciting light, is to produce all of the bands 
with a definite and constant intensity distribution. 
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ABSORPTION OF THE SOLID SALTS AT ORDINARY TEMPERATURES. 


The salts studied by us were in powdered form, none of the crystals 
being large enough to use for the study of absorption by direct trans- 
mission. We have found it possible, however, to determine the location 
and approximately the relative intensity, of the different absorption 
bands by measuring with the spectrophotometer the intensity of the light 
transmitted through an extremely thin layer of the powder held between 
two plates of glass. Some idea of the character of the absorption spec- 
trum of the salt can also be obtained by observing the spectrum of white 
light reflected from the surface of the powder, and this method was in 
some instances used. 

The results of measurements of the intensity of the light transmitted 
by a thin layer of the double sulphate are plotted in Fig. 7, the source of 
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Fig. 7. 
Transmission of a thin layer of uranyl-potassium sulphate, showing absorption bands and 
three of the fluorescence bands. Curves F and A show the relative intensities of the bands 
of fluorescence and absorption respectively. 


light being an acetylene flame. The measurements cover not only a 
considerable portion of the absorbing region, but also a part of the region 
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containing the fluorescence bands. Three of these bands show very 
clearly, even when superposed upon the brilliant continuous spectrum of 
the acetylene flame. The absorption begins a little on the violet side of 
the brightest luminescence band and extends to the edge of the visible 
spectrum. It will be noticed that there are several definite and narrow 
absorption bands, which appear to be superposed upon a broad band, 
or region, of general absorption. It is not impossible, however, that 
this appearance of a broad band results from the overlapping of the 
group of narrow absorption bands, and that only the crests of these 
can be observed. There does not appear to be any way of deciding 
which of these views is correct. In estimating the relative intensity of 
the absorption bands we have adopted the first view and have assumed 
a general absorption such as is indicated by the dotted line of Fig. 7. 
The deviations from this dotted curve have been ascribed to the effect 
of the narrow bands. The intensity of each band is determined by tak- 
ing the ratio of the diminution of the transmission which it produces 
to the transmission which would be expected if the general absorption 
only were present. 

Both the absorption bands and the fluorescence bands have been indi- 
cated in Fig. 7 by lines whose lengths are proportional to the intensities 
of the bands. Ifa line is drawn through the ends of the lines that give 
the intensity of the absorption bands a curve (A) is obtained which is 
very similar in form to the absorption curve for a substance like fluorescein. 
This curve also has the same position with reference to the envelope of 
the luminescence bands (F) that the absorption curve in fluorescein 
has to the luminescence curve. It appears highly probable that just 
as a broad luminescence band may result from the overlapping of a group 
of bands, so the absorption of the same substance may result from the 
overlapping of a similar group of absorption bands.! 

The transmission curve for a thin layer of powdered uranyl sulphate 
is shown in Fig. 8, the source of light being an acetylene flame. In its 
general features this curve is similar to that for the double sulphate of 
uranyl and potassium. The fluorescence of the sulphate is not so 
brilliant and the fluorescence bands therefore show less prominently. 
The sulphate has the peculiarity of possessing two series of fluorescence 
bands lying close together, one set of bands being much more intense 
than the other. It will be noticed that the absorption bands are also 
double. If we think of the more intense luminescence bands as con- 
stituting the principal series and the less intense bands forming a second- 


1 If we are mistaken in assuming a broad band of general absorption, upon which narrow 
bands are superimposed, Curve A, Fig. 7, will be shifted to the left and will have its crest at 


0.44u instead of at 0.484. But its general form will remain the same. 
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ary series, a curious reversal is noticeable as we pass from the region of 
fluorescence to the region of absorption. Each band of the principal 
series in the luminescence region lies a little to the right of the corre- 
sponding band of the secondary 





series. The positions of the bands 
are indicated by short vertical lines 
in the lower part of Fig. 8, the 
bands of the secondary series being 














represented by dotted lines. When 
Af } | 7 7)" we pass to the absorption series, 

se eo ee however, the more intense band lies 
oe Sana Sn es + to the left in each case. For ex- 
+—.——.—+—, | ample, the absorption band at 4,925 


{oj oj | | || corresponds in position with a flu- 





orescence band of the principal 
| series; but the absorption band at 
/ | | | 4,880, which probably corresponds 
Sep leel te bP »f ,, to the band 4,890 of the secondary 





Fic. 8 fluorescence series, is by far the 
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el nee! ; more intense of the two. 
Transmission of a thin layer of urany! sul- 


phate. It will be observed that the ab- 

sorption bands of uranyl-potassium 
sulphate occurring at 4,760 and 4,920 (Fig. 7) appear to coincide in 
position with two of the luminescence bands of the same substance. In 


other words these two bands are ‘‘reversible’’ and may appear either as 
absorption bands or as luminescence bands according to the conditions 
under which they are observed. The double sulphate thus shows the 
same phenomenon that was first described by H. Becquerel! in 1885 in 
the case of uranyl nitrate. 

The question whether the wave-length of the absorption band is 
exactly the same as that of the corresponding luminescence band, or 
whether the agreement is only approximate, is manifestly of great im- 
portance, and we have made a number of experiments to test this point. 
Special precautions were necessary, for when a luminescence band occurs 
in a region where there is appreciable absorption it is clear that the 
apparent position of the crest of the band may be influenced by absorp- 
tion in case the latter is not uniform. Where measurements of absorption 
are made with light containing rays that are capable of exciting fluores- 
cence there may also be a displacement of the crest of the absorption band 
owing to the presence of luminescence. ‘There could be no displacement 


1 Comptes Rendus, Vol. 101, p. 1252, 1885. 
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of this sort in case the light emitted were strictly proportional to the 
coefficient of absorption; but if the fluorescence band and the absorption 
band do not exactly coincide in position or in form such a displacement 
is to be expected. 

In order to avoid the necessity of changing the adjustment of the 
spectrophotometer, or the position of the substance, between measure- 
ments a thin layer of the double sulphate was in some cases mounted 
permanently in front of the slit. To locate the absorption bands the 
slit was illuminated, through the specimen, with light from an acetylene 
flame. To observe the luminescence bands a piece of blue glass was 
placed in front of the flame, so as to cut off the rays having the same 
wave-length as the bands while permitting the exciting rays to pass; or in 
some cases the acetylene flame was replaced by a mercury arc. To 
guard against the presence of fluorescence in measurements of absorption 
a green glass was sometimes used. 

With the relatively thick specimen first used the absorption was so 
great that the band at 4,760 could not be observed. The band at 4,920 
was well defined, however, and could be accurately located. If the 
eye-piece pointer was set at the crest of the absorption band and the 
source of light then changed so as to bring out the fluorescence band, 
the latter was seen to be very obviously displaced toward the red. Photo- 
graphs of the absorption and fluorescence spectra taken on the same plate 
also showed the relative displacement of the two bands very clearly. 
The wave-length of the fluorescence band as measured under these con- 
ditions was not the same, however, as that previously determined, and 
the whole appearance of the band was different from what had been 
observed when looking at the front surface of the luminescent substance. 

More definite conditions for observing the absorption band were ob- 
tained by using nearly monochromatic light for transmission measure- 
ments. The spectrum of a Nernst glower was formed by a large 
spectrometer and a small region of the spectrum was isolated by means 
of a suitable screen containing a slit. The light coming through this slit, 
after passing through the specimen to be studied, fell upon the slit of the 
spectrophotometer. By suitable adjustment the center of the band of 
transmitted light could be made practically coincident with the center 
of the absorption band and the latter could be located with considerable 
accuracy. Under these circumstances the transmitted light contained 
no rays capable of exciting any observable fluorescence, so that we may 
look upon the determinations of absorption by this method as unin- 
fluenced by errors due to the presence of luminescence. 

Using a relatively thick layer the absorption band was located at 
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4,919, while the crest of the fluorescence band (observed by transmission) 
lay at 4,974. An excessively thin layer, formed by depositing the salt 
from a solution, or suspension, in alcohol, gave a fluorescence band whose 
crest was at 4,925, while the wave-length of the very faint absorption 
band was 4,922. Our previous determination of the wave-length of the 
luminescence band, when looking at the surface exposed to the exciting 
rays, was 4,920. These results appear to us to warrant the conclusion 
that if disturbances due to absorption could be entirely eliminated the 
two bands would be found to have exactly the same wave-length. 

It must not be forgotten however that it is nearly impossible to observe 
the fluorescence spectrum under conditions which entirely eliminate 
effects due to absorption. The exciting light always penetrates to some 
extent beneath the surface, so that some of the emitted light must pass 
through the fluorescent material before it can reach the eve. It is 
natural, therefore, to expect a slight displacement in all cases. Although 
our most reliable measurement of the wave-length of the absorption 
band, 4,919, and our best determination of the crest of the luminescence 
band, 4,920, differ by less than the probable errors of measurement, we 
feel that it is not unlikely that the difference is a real one, due to the 
cause just cited. 

The absorption band at 4,760 in the double sulphate differs in position 
by 5 units from the fluorescence band at 4,765. A portion of this dif- 
ference may also be explained by absorption. But it is probably chiefly 
due to the difficulty in accurately locating the crests of these bands. The 
fluorescence band is extremely faint, while the absorption band is not 
very sharp because of the large general absorption in this region. 

Using a thick layer, formed by grinding down a translucent mass of 
adhering crystals until a piece about 0.5 mm. thick was obtained, a faint 
absorption band was observed at 5,127. This corresponds to the brilliant 
fluorescence band at 5,130. In all likelihood the coincidence here is 
complete, since measurements of the fluorescence band made at the 


same time and with the same specimen as that used for absorption, 


measurements gave the same wave-length, 5,127, for both bands. 


EXCITATION BY LIGHT CORRESPONDING TO DIFFERENT PARTS 
OF THE ABSORPTION REGION. 


It seemed a matter of some interest to determine the relative effective- 
ness of light of different wave-lengths in producing fluorescence, and 
experiments having this end in view have been made in the case of the 
double sulphate. We were particularly interested in determining whether 
wave-lengths falling within the sharp absorption bands at 4,918, 4,760, 
4,615, etc., were especially effective in exciting luminescence. 
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The source of the exciting light used in these experiments was a 
Nernst glower which was mounted in place of the slit of a spectrometer. 
The spectrum was focused upon an opaque screen containing a narrow 
slit, and the light passing through this slit was used in exciting the speci- 
men tested. The fluorescence spectrum was observed in a spectro- 
photometer, the specimen being set up at an angle 





of approximately 45° with the path of the excit- 
ing light so that the collimator of the spectro- 
photometer could be pointed at the illuminated 





surface without interfering with the exciting light. 
Enough of the exciting rays were reflected into 
the spectrophotometer to enable the range of 
wave-lengths used in each case to be determined. 
The spectrophotometer was then set at the crest 
of the principal fluorescence band and the inten- 





sity measured by comparison with an acetylene 
standard. Observations of this sort were re- 





+ 


| we 
42__‘|a4 | aol ke. | 


Fig. 9. 


| 
peated throughout the absorbing region. The | 
L 





results are shown in Fig. 9. It will be noticed 
that the regions of strong excitation at 4,910 
and 4,775 correspond very closely to the two Intensity of fluorescence 

; inates) produced by ex- 
absorption bands at 4,920 and 4,766. Some slight peereaser engi gee oetban 
y ere : . citing light of different 
indication is also present of the other absorption 


wave-length (abscissas). 
bands. It is clear, however, that the ability to 

excite luminescence is not confined to rays falling within the narrow ab- 
sorption bands, but extends to the region of general absorption lying 
between. It is not possible to determine the specific exciting power of 
different rays, as was done in the case of eosin and resorufin,! because of 
our ignorance of the absorbing power of the salt for different wave- 
lengths. The results indicate, however, that the specific exciting power 
varies only slightly with the wave-length, as was found to be the case 


with resorufin and eosin. 


FLUORESCENCE AND ABSORPTION AT LOW TEMPERATURES. 


To study the fluorescence spectrum at the temperature of liquid air 


3 and shown 


the apparatus described in a previous article of this series 
in Fig. 10 was used. For excitation we found it preferable to use the 
undispersed light of a carbon arc. In studying absorption at low tem- 
1 PHYSICAL REVIEW, XXXI., p. 381. 
2 The distribution of energy in the spectrum of the Nernst glower has also not been de- 
termined. 
3 PHYSICAL REVIEW, XXXII., p. 38. 
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peratures the most convenient procedure was to reflect the light of an 
acetylene flame from the surface of the powder and compare the reflected 
light, by means of a spectrophotometer, with light received directly 
from a similar flame. A curve obtained in this way from the double 


















































Liguid Air 


Fig. 10. 


sulphate of uranyl and potassium is shown in Fig. 11. The region covered 
includes only two of the absorption bands. In the case of the dotted 
curve the light from the acetylene flame was first passed through a sheet 
of green glass, so as to largely remove the rays capable of exciting fluores- 
cence. This was done in order to determine whether the shape and 
apparent position of the absorption band at 4,894 was influenced by the 
fluorescence in this region. No shift in the band due to this cause could 
be detected. 

At low temperatures the fluorescence bands and the absorption bands 
appear to be much sharper than at ordinary temperatures. The nar- 
rowing of the fluorescence bands is undoubtedly a real effect, since it is 
verified by photographs of the spectrum and by spectrophotometric 
measurements. In the case of the absorption bands, however, we are 
in some doubt whether the narrowing is as great as it appears to be to 
the eye. If we compare Fig. 11 with Fig. 7, bearing in mind that the 
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horizontal scale is twice as great in Fig. 11 as in Fig. 7, it will be seen that 
the bands at the temperature of liquid air are not very much narrower 
than at ordinary temperatures. It must be remembered, however, that 
the comparison is not quite a fair one, since Fig. 7 is based upon observa- 
tions of transmission and Fig. 11 on reflection. We do not have any 
curves that are entirely comparable. Photographs 
of the transmission spectra, however, at ordinary | 
temperatures and at the temperatures of liquid air m_em 
fail to show any very marked decrease in the width pe ioe Fe 
of the absorption band. 

“general” [| | | 
absorbing power in the violet region as we pass from a ef 
ordinary temperatures to that of liquid air. To test | \J 
this matter spectrophotometric measurements of vi -] 
transmission were made with a thin layer of the zp a a 


There seems to be no great change in the 





double sulphate, in powder form, throughout the |__| 





absorbing region,! the measurements being made first a 


Fig. 11. 








at the temperature of the room and then after cool- 
ing with liquid air. The results are subject to some 
uncertainty on account of a slight deposit of frost, but Pessoa ya 
indicate that the general absorption does not change phate at — 186° C. 
by more than ten or fifteen per cent. 

Both the fluorescence bands and the absorption bands show a slight 
shift in wave-length as the temperature is lowered. At the temperature 
of liquid air the fluorescence bands of the double sulphate are readily 
seen to be complex, as has already been pointed out by J. Becquerel. 
New fluorescence bands, and also new absorption bands, which are not 
in evidence at all at ordinary temperatures, also become easily observ- 
able at the low temperature. The results of determinations of the wave- 


length of such bands are given in Table V. 


RELATION BETWEEN THE ABSORPTION AND LUMINESCENCE SPECTRA. 


In his important memoir on the phosphorescence of the uranium com- 
pounds? E. Becquerel pointed out in 1872 that the absorption spectrum 
of each of these substances, like the luminescence spectrum, consists of 
several regularly spaced narrow bands, and that these absorption bands 
appear to form a continuation of the series of emission bands in the 
luminescence spectrum. In 1885 H. Becquerel published wave-length 

1 The observations were made at such wide wave-length intervals that they are of no value 


in determining the effect of temperature upon the width of the sharp bands. 
2 Memoires del "Academie des Sciences, Vol. 40, 1872. 
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measurements in the case of uranium nitrate,! indicating that the incre- 
ment in wave frequency in passing from one band to the next is constant 
throughout the series, and that the suggestion of E. Becquerel that the 
absorption and emission bands belong to the same series is in agreement 
with the facts, since the frequency difference remains constant in passing 
from the luminescence to the absorption spectrum. H. Becquerel also 
showed that two of the bands were reversible; in other words, if the 
substances were exposed to suitable exciting rays these bands would ap- 
pear as luminescence bands, whereas if light free from exciting rays was 
passing through the substance absorption bands would be found in exactly 
the same location. Reversible bands were also found by H. and J. 
Becquerel and H. K. Onnes when working with the double phosphate 
of uranyl and calcium at the temperature of liquid hydrogen.? Owing 
to the sharpness of the bands at this low temperature, and because of 
the fact that a grating was used, it is probable that the wave-length 
determinations were considerably more accurate in this work than in 
any that had preceded it. The photographs show that the absorption 
and luminescence bands are practically coincident, the difference of 


wave-length, if it exists, being a fraction of an Angstrém unit. 


TABLE III. 


Absorption and Fluorescence Bands of Uranyl-Potassium Sulphate at Ordinary Temperature 


Absorption. Fluorescence. n | — ) An 
4,350 6,896.4. x10" 

188.1 

4,472 6,708.3 
206.3 

4,614 6,502.0 
206.1 

4,760 4,765 6,295.9 
198.4 

4,920 4,920 6,097.5 
249.5 

$127 5,130 5,848.0 
251.0 

5,360 5,597.0 
245.6 

5,606 5,351.4 
| 250.2 

5,881 5,101.2 
254.6 

6,190 4,846.6 


1Comptes Rendus, Vol. 1o1, p. 1252, 1885. 
?Leiden Communications, No. 110, 1909. 
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In our own work with the double sulphate of uranyl and potassium 
we have confirmed the conclusions of H. Becquerel so far as the existence 
of reversible bands is concerned and have found in the case of this sub- 
stance three such bands instead of two. We also find that the increments 
of wave frequency in passing from one luminescence band to another are 
very nearly constant. But this increment does not appear to have the 
same value for the absorption bands as for the luminescence bands, and 
there is thus a distinct break in the series in passing from luminescence 
to absorption. This fact is brought out in Table III., which gives the 
wave-lengths of the bands for uranyl potassium sulphate, together with 
the wave frequencies and the frequency differences. For the six lumines- 
cence bands beginning at 4,920 and ending at 6,190 the frequency dif- 
ferences are very nearly constant, the variation from constancy being 
not greater than the experimental errors. The series of absorption bands 
beginning at 4,350 and ending at 4,920 also shows a nearly constant 
frequency interval. But this differs so greatly from the interval between 
the luminescence bands that it is hard to believe that the two series of 
bands belong to the same spectral series. 


TABLE IV. 
Fluorescence Bands of Uranyl Sulphate and of Uranyl Acetate. a 
Sulphate. Acetate. 
A Frequency An A = ae 
n= 3.1019 +A 
4,757 6,306 x 10" 4,719 6,357 
215 203 
4,925 6,091 4,875 6,154 
265 254 
5,149 5,826 5,085 5,900 
267 262 
5,397 5,559 5,321 5,638 
261 265 
5,662 5,298 5,583 5,373 
239 266 
5,930 5,059 5,874 5,107 


Our results with uranyl sulphate and uranyl acetate, Table IV., are 
similar in character to those obtained with the double salt. Inthe case 
of these salts, however, no absorption bands have been measured. It 
will be seen that the frequency interval is nearly constant throughout 
the series of luminescence bands, except between the first two, where the 
interval is much smaller. If these salts behave like the double sulphate 
the first three bands are reversible bands and the results are strictly 
analogous so far as they go to those obtained with the double sulphate. 
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Lo) 


Owing to the relative broadness of the bands at ordinary temperatures 
wave-length determinations at these temperatures cannot be very ac- 
curate. At lower temperatures, however, the bands become narrow and 
wave-lengths can be measured much more exactly. Our measurements 
of the wave-lengths in the case of the double sulphate of uranyl and 
potassium at the temperature of liquid air are therefore better suited 
to bring out any numerical relationships that may exist than the observa- 
tions at ordinary temperatures. The low temperature measurements 
are givenin Table V. As has been pointed out by Becquerel, each of the 


TABLE V. 


Absorption and Fluorescence Bands of Uranyl-Potassium Sulphate at — 186° C. 


Absorption. | Fluorescence. Frequency An, Fluorescence. Frequency An, 
nN =3.10 A N=3.10l9+A 
(a) 5,114.7 5,865 X 10” 
(a) 4,323 6,940 X 101° [5,114.8] 
4,437 6,761 221 (6) 5,135.5 5,842 
(a) 4,465 6,719 251 
4,532.5 6,619 (c) 5,186.5 5,784 
4,590.5 6,535 196 
(a) 4,599. 6,523 (a) 5,343.5 5,614 
4,686.5 6,401 205 [5,342.4] | 
(a) 4,748.5 6,318 pies (b) 5,366.5 | 5,590 
(a) 4,909. 4,907. 6,112 206 5] 
[4,904.2] (c) 5,418.5 | 5,537 _ 
(b) 4,929.5 | 6,086 | 
247 (a) 5,593.5 | 5,363 
(c) 4,974.5 6,031 ' [5,591.0] | 
; . _— (b) 5,614.5 5,343 246 
(a) 5,114.7 | 5,865 
[5,114.8] (a) [5,863.1] | [5,117] 
239 
(a) [6,150] [4,878] 





The wave-lengths enclosed in brackets are those measured by J. Becquerel and H. Kam- 
erlingh Onnes (Leiden Communications, No. 110, 1909). The band at 6,150 was not ob- 
served by us but is recorded by H. Becquerel (Comptes Rendus, Vol. 144, p. 459, 1907). 


bands is broken up at the temperature of liquid air into several very 
narrow bands. The wave-length of each of these has been measured. 
In several cases the same bands were located by Becquerel and Onnes 
and their values have also been included in the table. The most intense 
bands have been indicated by the letter a. 

It will be noticed that the more intense bands form a series with prac- 
tically constant wave-length interval. The variation from constancy 


is of importance only in the case of the interval between the last two bands 
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toward the red. One of these was measured by Becquerel and Onnes 
and the other by H. Becquerel 25 years earlier. Since both lines are 
faint, and since the apparatus used by H. Becquerel was not capable of 
great accuracy, it seems probable that the small value of the interval 
between these two bands is due to some error rather than to a real change 
in the law. 

The five absorption bands which are most prominent also form a 
series with nearly constant frequency intervals. The absorption band 
of longest wave-length is a reversible band and corresponds almost 
exactly in position to the luminescence band of shortest wave-length. 
There is no reason to suspect that the difference in wave-length of two 
Angstrom units which observations show is anything more than an 
accidental error. 

At the temperature of liquid air we observed only one reversible band, 
and the luminescence band which at ordinary temperatures was ob- 
served at 4,757 was either not present or so faint as to escape observation. 
The band at 5,114, which is reversible at ordinary temperatures, is in 
all likelihood reversible at low temperatures. It is necessary at 
ordinary temperatures to use an especially thick layer of the substance 
to bring out this extremely faint absorption band and there is no reason to 
doubt that with proper conditions this band might have been reversed 
also at low temperatures. 

In addition to the principal series, marked (a) in the table, there appear 
to be two other series, whose bands have been marked (}) and (c) respec- 
tively, in which the frequency intervals are also constant. These bands 
are fainter, however, and only a few can be observed in each series. 

While our observations indicate that the frequency intervals between 
bands are constant within experimental errors, the measurements of 
Becquerel and Onnes in the case of uranyl salts at low temperatures 
show a slight tendency for the frequency interval to be smaller at the 
red end of the series. Although the variation is very slight it is observ- 
able in all of the cases studied by them, so that unless some unsuspected 
systematic error was present it seems that we cannot regard the law of 
constant frequency increments as being more than a close approximation. 

It will be seen that all of our results indicate a distinct break in the 
spacing of the bands as we pass from the luminescence to the absorption 
region and thus do not agree with the results of H. Becquerel with 
uranyl nitrate. It seems to us not unlikely that the measurements upon 
which Becquerel’s conclusions were based were in error. While we have 
ourselves made no measurements on the absorption spectrum of the 
nitrate, a large number of absorption bands have been determined for 
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this substance by Jones and Strong! and their measurements are not in 
agreement with those of H. Becquerel. In Table VI. we give the absorp- 


TABLE VI. 


Absorption and Fluorescence Bands of Uranyl Nitrate (cryst.) at Ordinary Temperatures. 


Absorption Bands. Fluorescence Bands. Rete An 
3,600 | 8,333 x10" 260 
(3,720?) 8,064 231 
3,830 7,833 210 
3,935 7,623 216 
4,050 7,407 1 3 
4,170 7,194 177 
4,275 7,017 07 
4,405 [4,370] 6,810 7 
4,550 [4,530] 6,593 271 
4,705 [4,700] | 4,708 [4,700] 6,372 11 
4,870 [4,865] 4,869 [4,865] 6,161 263 
5,086 [5,080] 5,898 268 
5,329 [5,235]? 5,630 250 
5,585 [5,583] 5,371 357 
5,866 [5,860] 5,114 266 
6,188 [6,180] 4,848 264 

[6,544] 4,584 ’ 


In this table the wave-lengths of the absorption bands are those determined by Jones and 
Strong (American Chemical Journal, Jan., 1910, p. 62). 

The wave-lengths enclosed in brackets are those measured by H. Becquerel (Comptes 
Rendus, 101, p. 1252, 1885). 

The wave-lengths of the fluorescence bands are based upon our own measurements. 


tion bands as measured by Jones and Strong and the fluorescence bands 
as measured by ourselves. We have included also the values given by 
Becquerel in those cases where has he made measurements. In the case of 
the luminescence bands our wave-length determinations differ from those 
of Becquerel by more than possible experimental errors in only a few 
instances. Our determinations are also in close agreement with those 
of Jones and Strong in the case of the two reversible bands; but the 
absorption bands at 4,405 and 4,550 (as measured by Jones and Strong) 
do not correspond at all closely with the bands at 4,370 and 4,530 
recorded by Becquerel. If we use the values given by Jones and Strong 
we find a series of constant frequency intervals throughout the greater 
portion of the absorption spectrum, but this interval differs by 20 per 
cent. from the frequency interval that holds throughout the luminescence 
spectrum. 


1 American Chemical Journal, Vol. XLII., Jan., 1910. 
2 This appears to be misprint for 5,325. 
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EFFECT OF WATER OF CRYSTALLIZATION. BEHAVIOR OF SOLUTIONS 
OF THE URANYL SALTs. 


The study of the effect of water of crystallization upon the luminescence 
and absorption spectra of the uranyl salts, and the comparison of the 
spectra of the solid compounds with those of their solutions, offer an 
attractive and important field for further study. Since questions of this 
kind were aside from the chief purpose of the present investigation we 
have not gone into them at any length. A few points which have been 
brought out in the course of our work should, however, be recorded. 

The effect of water of crystallization in the case of uranyl nitrate is 
to shift the luminescence bands slightly in the direction of the longer 
waves. (See Fig. 4 and Table I.) This is the effect which it would 
seem most natural to expect, since the mass of the vibrating system is 
increased by the addition of water of crystallization without any increase, 


Fluorescence. 








Absorption (solid). 





Fluorescence of dehydrated 
salt. 








4 Fluorescence of solution. 
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Showing the position of the fluorescence and absorption bands of uranyl sulphate. 


so far as we know, in the elastic forces of the system. In fact the presence 
of water so intimately associated with the salt molecule would probably 
increase the effective dielectric constant of the region in which the vi- 
brations occur, and would thus cause a decrease in frequency quite 
independent of any effect due to increase in mass. 

It has been shown by Deusen! and by Jones and Strong? that the ab- 
sorption spectrum of the crystallized nitrate is nearly coincident with 
the absorption spectrum of the aqueous solution. In many cases no 
difference can be detected in the wave-length of the band in solution and 
in the solid crystal. In the case of other bands, however, the difference 
appears to be too great to be accidental. It seems not unlikely that the 


1 Annalen der Physik, 43, p. 1128, 1898. 
2 American Chemical Journal, Vol. XLIII., p. 37, 1910. See also Vogel, Spectralanalyse, 
p. 270, 1889. 
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absorption spectrum contains several series of bands, some of which 
occupy almost identically the same positions for the solution as for the 
solid salt. We must assume therefore that at least a part of the dissolved 
salt has the same molecular structure as the solid crystals. 

In the case of the uranyl sulphate studied by us the phenomena are 
more complicated. The luminescence spectrum of this salt, even at 
ordinary temperatures, contains two series of bands, which for conveni- 
ence we shall designate the a and 8 series respectively. The a bands are 
by far the stronger and six of these could be observed. Of the relatively 
weak 8 bands only three could be seen. In the absorption spectrum of 
the solid salt two series of bands were also found (see Fig. 8) which we 
shall call the a’ and 8’ bands. Two of the a’ bands corresponded in 
position with two of the a bands of luminescence, while one band of the 
8’ series corresponded with one of the 8 bands. The wave-lengths are 


given in Table VII. and are shown graphically in Fig. 12. It is a remark- 


TABLE VII. 


Uranyl Sulphate Fluorescence and Absorption Bands. 


Crystals—Principal Series (a)... ..4763, 4929, 5148, 5395, 5659, 5925 
Widmann I Crystals—Secondary Series (8 4894, 5098, 5340. - 
} Dehydrated Salt (Y).... 4843, 5049, 5285, 5538 
Concentrated Solution...... 4928, 5145, 5387. 
‘ Crystals—a’ Series ....4595, 4755, 4925. 
Absorption. 4 Crystals—p’ Series... ‘ 4555, 4720, 4880. 
Concentrated Solution. 4718, 4887, 5095. 


able fact that while the a bands are much the brighter in the luminescence 
spectrum, the a’ bands in the absorption spectrum are much weaker 
than the 8’ bands. 

The sulphate as received by us was in the form of small crystals. 
When the salt was dehydrated by being kept for about an hour in a 
stream of warm dry air its luminescence spectrum was found to be 
absolutely different, each band being shifted toward the violet by about 
100 Angstrém units. Brief exposure to the air apparently permitted a 
portion of the salt to return to the original condition, so that the original 
a and 6 bands could be seen as well as the y bands characteristic of the 
dehydrated salt. In the case of a thin layer of the sulphate which had 
been dehydrated and then exposed for a short time to the air each of the 
luminescence bands was found to consist of three overlapping bands, the 
components corresponding in position to the a, 8, and y bands respectively 
Spectrophotometric measurements (with a rather wide slit) of the bright- 
est luminescence band and of a portion of the absorption spectrum of the 


same layer are shown in Fig. 13. In the luminescence spectrum the 8 
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bands are by far the most prominent,' while in the absorption spectrum 
the a’ bands are strongest and no y’ bands can be detected. The results 


point to the existence of two different hydrated salts corresponding to 
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Urany! sulphate (solid). Showing the Urany! sulphate (solution) showing at the left 


brightest fluorescence band, at about a portion of the transmission spectrum for a thin 
0.514, and a group of absorption bands, _ layer, and at the right for a thick layer. 


at about 0.494, 


the a and 8 bands respectively. But further study would be necessary 
to make possible an entirely satisfactory explanation of the observed 
phenomena. 

The concentrated aqueous solution of the sulphate showed weak 
fluorescence, and the three brightest bands, which could be located with 
reasonable accuracy, were found to agree in position with three of the @ 
bands of the solid crystallized salt. In the absorption spectrum of the 
concentrated solution it was possible to locate three well-defined bands, 
two of which corresponded with two of the 8 bands of the solid salt 
(see Fig. 14). The solution showed no trace of any fluorescence corre- 
sponding to the 8 series nor did it show any trace of absorption corre- 
sponding to the a’ series. This peculiar behavior of the solution gives 

1 The a’ band appears in Fig. 13 to be shifted by about 15 Angstrém units toward the 


violet; whether this is a real shift, or whether it is due to disturbances due to simultaneous 


absorption and luminescence, we are unable to say. 
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support to the view that the absorption bands of the uranyl compounds 
do not belong to the same series as the luminescence bands, although 


they are undoubtedly similar in structure and intimately connected with 


the luminescence bands. 
In a concentrated solution of uranyl-potassium sulphate (see Fig. 15) 


three absorption bands were found at 4,910, 4,730, and 4,570. These do 
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Transmission of a concentrated solution of uranyl-pottassium sulphate. 


not agree in position with the corresponding bands of the solid salt, 


which occur at 4,920, 4,760, and 4,472. 
sulphate shows no trace of fluorescence. 











The solution of the double 




















No. 5.| DETERMINATION OF PELTIER ELECTROMOTIVE FORCE. 379 


DETERMINATION OF PELTIER ELECTROMOTIVE FORCE 
FOR SEVERAL METALS BY COMPENSATION METHODS. 


By A. E. CASWELL. 


Introductory Note.—The great discrepancies between the values of the 
Peltier electromotive force between various metals obtained by different 
investigators, and especially between the values of Le Roux! and Jahn,? 
suggested the advisability of devising a new method of measurement not 
open to the objections which may be brought against the methods pre- 
viously employed, and by such method redetermining the Peltier electro- 
motive force for a number of combinations. The development of the 
thermo-electric and electron theories renders trustworthy determinations 
of this quantity more important than heretofore. Accordingly, upon the 
suggestion of Professor Fernando Sanford, the present work was under- 
taken, and throughout the writer has profited by his timely advice and 
suggestions as well as that of other members of the department. 


HISTORICAL SKETCH. 


Discovery.—Peltier® was the first to discover that if a current be sent 
across the junction of two dissimilar metals there will be either an evolu- 
tion or absorption of heat at the junction, and if the direction of the 
current be reversed the effect is also reversed. In other words, the 
junction of two dissimilar metals is the seat of an electromotive force. Its 
magnitude cannot be measured directly, so one must resort to the expedi- 
ent of determining the amount of heat associated with the passage of a 
given quantity of electricity across the junction, or else deduce its value 
from more or less doubtful considerations. 

Thomson's Theorem.—Through an application of the dynamical 
theory of heat to thermo-electric phenomena Sir William Thomson 
(Lord Kelvin) came to the conclusion that, if P = Peltier E.M.F., 


= 


4 


d 
E = thermo E.M.F., T = absolute temperature, then P = lor’ The 


same considerations led him to the conclusion that a similar effect should 


1Le Roux, Ann. Chim. Phys., IV., 10, pp. 201-291, 1867. 

2Jahn, Pogg. Ann., N. F., 34, pp. 755-785, 1888. 

§ Peltier, Ann. Chim. Phys., II., 56, pp. 371-386, 1834. 

4Kelvin, Lord, Math. and Phys. Papers, pp. 232-291, 1882; also Trans. Roy. Soc. Edin- 
burgh, 1854. 





380 A. E. CASWELL. (VoL. XXXIII. 


exist between unequally heated portions of the same metal. The latter 
phenomenon was afterward discovered and is known as the Thomson 
effect. This discovery would seem to verify Thomson's conclusions. 
If we accept this equation two results follow: (1) knowing the way in 
in which the thermo E.M.F. varies at any temperature or its value for a 
very small range of temperature including the desired temperature, we 
may compute the value of the Peltier E.M.F. for that temperature; and 
(2) the value of the Peltier E.M.F. at the neutral temperature must be 
zero. From (1) it follows that at any given temperature the ratio of the 
Peltier E.M.F. to the thermo E.M.F. for any two metals should be 
constant and equal to the temperature (absolute). This point has been 
tested by most experimenters on the Peltier E.M.F. but the results in a 
number of cases have only been given in relative units. The second 
result has also been investigated. All the results of experiment seem to 
justify this equation in a general way. 

Direct Determinations.—The direct determination of the amount of 
heat associated with the passage of a known quantity of electricity across 
a metallic junction was carried out by Le Roux who worked with copper 
against several other metals, notably bismuth. Bismuth bars were 
welded together into the form of a horse-shoe and to the ends heavy 
strips of copper were soldered. The junctions were immersed in rather 
crude calorimeters containing water. Current was sent for fifteen 
minutes in each direction and corresponding temperature changes in 
each calorimeter observed by means of mercury thermometers. In the 
copper-bismuth case the Joule heat was about four times the Peltier heat. 

Edlund! obtained relative values for the Peltier E.M.F. by means of 
junctions inclosed in two nickel-plated copper tubes forming the two 
bulbs of a differential air thermometer. For comparison he also measured 
the thermo E.M.F. The electromotive force was determined by a 
sensitive galvanometer and the temperatures by two sensitive mercury 
thermometers. Assuming that his results for aluminium are the same 
as those which I have obtained I have computed his values of the Peltier 
E.M.F. and of the thermo E.M.F. These values are given in the following 
table. They probably do not differ from his true values by more than 
ten percent. The computed values are expressed in millivolts. 

Sundell,?, working with Edlund’s apparatus made similar measure- 
ments on antimony-bismuth alloys against copper, also on the bismuth 
used by Edlund. His value for copper-bismuth differed from that 
obtained by Edlund. This he attributed to some change in the crystal- 
line structure of the bismuth. 


1 Edlund, Pogg. Ann., 143, pp. 404-428, and 534-568, 1871; also 140, pp. 435-450, 1870. 
2? Sundell, Pogg. Ann., 149, pp. 144-170, 1873. 
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Jahn determined the Peltier heat by immersing one junction of a 
couple in a Bunsen ice calorimeter. Current was sent in both directions 
and the corresponding quantities of heat determined. From these 
measurements the Peltier heat was calculated. Jahn’s results refer to 0° 
C., and apparently are accurate to within two or three percent. In order 
to test the truth of Thomson’s theorem Klemen@i¢ measured the 
thermo E.M.F. of the couples used by Jahn. His results, multiplied by 
273, the absolute temperature of Jahn’s experiments, together with 
those of Jahn are shown in Table IX. 


TABLE I. 


Edlund's Probable Values. 








Metal Used Against 7 Peltier E.M.F. _ Thermo E.M.F. x 289. 
Copper. Relative. Computed. Relative. Computed. 

| eT tere 130.99 2.96 146.18 3.08 
Cadmium.. 5 6.88 135 9.79 .206 
So peed 34 .008 76 .016 
ae — — ---— 
Silver 1.29 .029 1.89 040 
Gold... 14.76 .334 23.92 505 
Lead. . 22.20 .502 27.27 Bb. 
; 24.71 .558 38.84 82 
Aluminium ... : 30.77 .695 42.15 .89 
Platinum... . 45.03 1.017 58.41 1.23 
Palladium..... 96.23 2.175 115.04 2.43 
Bismuth... vo 783.1 17.70 835.1 17.62 


+ 


Cermak,! using Lecher’s*? thermo-electric calorimeter, has measured 
the Peltier effect for couples of constantan against iron, lead, tin, cadmium 
and mercury, and for a copper-nickel couple, over wide ranges of tem- 
perature. His results for the copper-nickel couple are as follows: 


po ee 95 235 290 340 445 
Gram-calories X 108........ 1.92 2.15 2.45 2.06 1.01 2.38 


The result for 19° C. gives P = 8.04 millivolts. He has also found that 
there is no change either of the Peltier E.M.F. or thermo E.M.F. as the 
metals change from the solid to the liquid state, or vice versa. 

Barker,’ using the first of the methods employed in the present investi- 
gation which he independently devised, has measured the Peltier E.M.F. 

1Cermak, Ann. d. Physik, 24, 2, pp. 351-356, 1907; also 26, 3, pp. 521-531, 1908. Also 
in Akad. Wiss. Wien, Sitz. Ber., 116, 2a, pp. 657-6068, 1907. 

2Lecher, Wiener Ber., 115, 2a, p. 1506, 1906. 

3’ Barker, PHys. REV., XXXI., p. 321, Oct., 1910. 
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for a copper-nickel couple and found it to be 6.75 millivolts at 28°.7 C. 

The remainder of the work which has been done upon the subject is 
qualitative rather than quantitative. The values obtained are com- 
parative and cannot be reduced to absolute units. The method used 
by Peltier himself was to solder two metals bars together in the form of a 
cross, connect two adjacent extremities to a galvanometer and the other 
two to a source of current. Current was then sent first in one direction 
for a given length of time and then in the opposite direction, and the 
corresponding changes in the galvanometer deflection noted. From 
these data one might arrange the metals in a Peltier series without giv- 
ing the actual values of the E.M.F. between any pair. This method 
has been frequently used. Another common method is to make a 
thermo-electric couple of the pair of metals to be investigated, and 
arrange connections so that it may be quickly connected either to a source 
of current or a galvanometer. Current is sent through the couple 
thereby heating one junction and cooling the other. The circuit is 
then broken and the couple connected with the galvanometer. The 
galvanometer deflection may be used to compute the difference in tem- 
perature. For a given current this difference should be approximately 
proportional to the Peltier E.M.F. 

Lenz! bored a small hole in the junction of two coaxial bars of bismuth 
and antimony. This he filled with water and cooled the whole apparatus 
too° C. Then by sending a current across the junction from bismuth to 
antimony he was able, not only to freeze the water in the hole, but also, 
to cool the ice to — 4°.5C. 

Proportional to Current.—Icilius,? using a thermopile consisting of 32 
bismuth-antimony couples, found that the heating or cooling of the 
junctions was proportional to the strength of the current sent across 
them. Frankenheim* confirmed this result by using Peltier crosses of 
bismuth-copper, copper-iron, bismuth-antimony, and_ iron-German- 
silver. 

Zero at the Neutral Point.—Budde' investigated the question regarding 
the value of the Peltier effect at the thermo-electric neutral point for 
copper-iron and zinc-silver couples. In the latter case the thermo E.M.F. 
was too small for him to get any satisfactory results. Using the second 
of the qualitative methods mentioned above he found the Peltier effect 
to be zero at 240° C. and the thermo E.M.F. zero at 270° C. for the 
copper-iron couple. This he considered a sufficient agreement. In a 


1Lenz, Pogg. Ann., 44, p. 342, 1838. 

2Icilius, Pogg. Ann., 89, p. 377, 1853. 
3Frankenheim, Pogg. Ann., 91, p. 161, 1854. 
4 Budde, Pogg. Ann., 153, pp. 343-372, 1874. 
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similar way Battelli' investigated the Peltier effect and thermo E.M.F. 
for lead against (1) an alloy of 10 parts antimony to I part tin, and (2) 
an alloy of 18 parts tin to I part cadmium. For the thermo E.M.F. he 
found the neutral points to be 12° C. and 16° C., respectively. The 
Peltier effect was zero at 16° C. and 31°.5 C. Believing that the ex- 
periments of Budde and Battelli by no means prove that the Peltier 
effect is zero at the neutral point, La Rosa? investigated the point very 
carefully. To the ends of a bar of pure zinc bent into the form of a V, he 
soldered iron and platinum wires. The iron wires were connected to the 
galvanometer, and current sent through the platinum-zinc junctions. 
Readings were taken from 19° C. to 46°.5 C., the neutral point being 
found at 36°.6 C. The curve for temperatures as abscisse and galva- 
nometer deflections as ordinates cut the temperature axis slightly above 
36°.5 C. Therefore the Peltier effect becomes zero at the neutral point 
within the limits of experimental error. 

Agreement with Thermo-electric Diagram.—Campbell,* using couples 
consisting of a U-shaped piece of lead or other metal soldered to iron 
blocks, obtained results which appear to agree with the thermo-electric 
diagram given in Tait’s manual on “Heat.’’ The temperature differ- 
ences of his junctions were measured by means of an iron-German-silver 
thermo-couple, separated from the junctions by several thicknesses of 
paper. Gore‘ obtained similar results using a thermopile, consisting 
of 36 bismuth-antimony couples, heated in a hot-water jacketed chamber 
from 9° to 85° C. With Peltier crosses he also found that the Peltier 
effect increased with temperature for iron-German-silver, bismuth-anti- 
mony, and bismuth-silver. For antimony-silver it seemed constant. 

Variation with Temperature—By means of Thomson’s equation, 


dE ; , 
P= ToT’ Harrison® has found the value of the Peltier E.M.F. at the 
temperature of liquid air (— 191°.2 C.). His results are: 
ero Tree ee eee 1,156 microvolts, 
oo. ee TTT 7,697 microvolts. 


Bausenwein® has found that, for the iron-constantan couple which he 
used, both the thermo E.M.F. and the Peltier E.M.F. increase in a 


1 Battelli, R. Acc. dei Lincei (1) Rendic., 3, pp. 404-407, 1887, also Beibl., rz, 726, 1887. 
2LaRosa, Acc. Lincei, Atti, 13, pp. 167-173, 1904; also Sc. Abs., 7, 2968. 

8’ Campbell, Proc. Roy. Soc. Edinburgh, 17, 807, 1882-3; also Beibl., 8, p. 231, 1884. 

4 Gore, Phil. Mag. 3, 27, pp. 351-362, 1886. 

5 Harrison, Phil. Mag., 6, 3, pp. 177-195, 1902. 

6 Bausenwein, Akad. Wiss. Wien, Sitz. Ber., 144, 2a, pp. 1625-1633, 1905; also Sc. Abs., 


9, III10. 
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linear manner with the temperature (absolute). But the Peltier effect 
is not proportional to the absolute temperature, its curve cutting the 
axis of temperatures at —600° C. Hence this combination does not 
obey Thomson's law. His experiments extended over the interval from 
0° C. to 800° C. Rzika!' carried out similar measurements on a couple 
made from the same metals and obtained contradictory results. The 
principal source of error is probably due to changes in the specific heats 
at high temperatures, which changes are not known. The question of 
variation with temperature is still unsettled. 

Theories.—In addition to Sir William Thomson's theoretical work on 
thermo-electricity, two recent developments are of interest. The 
first is the explanation of the Peltier effect upon the basis of the electron 
theory,’ the second is due to Lecher.* 

Electron Theory.—In the electron theory it is assumed that the con- 
centration of the electrons in any two metals is, in general, different for 
the same temperature. If, then, two metals are placed in contact, the 
electrons will diffuse from that metal in which the concentration is large 
to that in which it issmall. This diffusion will continue until the electric 
field set up by the motion of the electrons away from their compensating 
positive charges is sufficient to balance the difference of pressure due to 
the difference of concentration. The resulting potential difference, 
assumed to be identical with the Peltier E.M.F., is given by the equation 

4aT N =e ; 
as log Ny? where N,, Ne are the concentrations of the electrons 
in the two metals, aT is the mean kinetic energy of an electron, and € is 


P= 


the charge on an electron. From other considerations N is found to be 
proportional to the inverse of the square root of the absolute temperature. 
Hence N,/Neisconstant. The Peltier E.M.F. should, therefore, be strictly 
proportional to the absolute temperature, and so could not be zero at the 
neutral point unless it were zero at all temperatures. This seems to be 
contrary to the facts. 

Lecher’s Diagram—Lecher obtains the Peltier heat by superimposing 
upon a diagram representing the Thomson heat for the two metals 
concerned, a curve representing the energy of the thermo E.M.F. between 
the two metals. In this way he finds the Peltier effect between iron 
and silver to be 7.3 X 10-4 gram-calories per coulomb, or 3.06 millivolts. 
This agrees well with experiment as may be seen by referring to Table IX. 


1 Rzika, Akad. Wiss. Wien, Sitz. Ber., 116, 2a, pp. 715-722, 1907; also Science Abs., 17, 26. 
2 Drude, Ann. d. Physik, 4, 7, p. 566, 1900, and 4, 3, p. 369, 1900. 
’Lecher, Ann. d. Physik, 4, 20, pp. 480-502, 1906. 
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METHODS OF MEASUREMENT. 


Two methods of measurement were devised, both of which depend 
upon maintaining both junctions of the given couple at the same tempera- 
ture by supplying heat at the junction where cooling is taking place. 
This precludes the possibility of error arising out of other thermo-electric 
effects. The Peltier electromotive force is determined by measuring 
the ratio of the heat so supplied to the quantity of electricity sent across 
the junction. The first method, as previously stated, has also been 
devised by Barker and by him employed in the measurement of the 
Peltier E.M.F. in a copper-nickel junction. In view of the fact that 
measurements were already being made by this method when his article 
was published, also that he had not investigated the method completely 
and intimated that he had discontinued the work, it was decided to 
proceed. The discussion of the method and the mathematical calcu- 
lations here given are fuller than those in his article, and so may justify 
such repetitions as occur. 


FIRST, OR SEPARATE HEATING-COIL, METHOD. 


This consists essentially in placing the two junctions of the couple 
in two separate calorimeters containing equal quantities of a suitable 
liquid. Each is provided with an electric heating-coil of known resist- 
ance, by means of which sufficient heat is supplied to the liquid where 
cooling is taking place to maintain it at the same temperature as that 
where heat is evolved, the equality of temperature being shown by a 
differential thermometer. 

Two Dewar silvered glass vacuum flasks (inside dimensions: diameter 
3.1 cm., depth 15 cm.) were used as calorimeters because they are the 
best heat insulators available and their heat capacity is small. These 
were held upright in a wooden box. The couples were made from heavy 
strips of the metals and were in the form of a double U, the junctions 
being at the bottoms of the U’s. 

A pparatus.—Three different forms of heating-coil were tried. The 
first coils, used only with the gas stirrers mentioned below, consisted of 
a considerable length of manganin wire doubled and then kinked as 
shown in Fig. 1. These were placed in the center of the U and extended 
upward to the surface of the liquid. This form was discarded because 
the coils occupied too much space. Coils of 65 cm. of German-silver 
resistance wire were then made. The wire was wound around a celluloid 
hoop, the perimeter of which was 6.5 cm. and depth 2.5 cm. The 
manner of winding is shown in Fig. 2. The hoop was placed in the 
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center of the U with its axis vertical, and the stirrer and one junction of 
the thermo-element, used as a thermometer, were placed within it. The 
resistance of these coils was 3.057 and 3.072 ohms, respectively. This 
arrangement was abandoned because the hoop, by impeding the circu- 
lation of the liquid, lengthened the time elapsing before a steady temper- 
ature condition could be set up. The arrangement finally adopted was 
similar to the first except that the wire was crowded into small space 
and placed in the bottom of the U as shown in Fig. 3. The length of 


Cu. Bij 

















Fig. 1. Fig. 2. Fig. 3. 

the coils so formed was 2.5 cm., so that they extended across the calo- 
rimeters. In this way heat was supplied very close to the place where it 
was being absorbed, and the coil, while being small, permitted free 
circulation of the liquid. Two sets were made in this way. They were 
of German-silver wire similar to that used in the ‘“‘hoop”’ coils. The 
resistance of the first set was 4.503 and 4.509 ohms, and of the second 
set 1.490 and 1.505 ohms. 

In the preliminary experiments instead of a differential thermometer 
two mercury thermometers, graduated to tenths of a degree Centigrade 
and readable to hundredths, were used. These were read as nearly 
simultaneously as possible. Owing to their comparatively great bulk, 
mercury thermometers are not suitable, and so were replaced as soon as 
possible by a differential thermometer consisting of four copper-con- 
stantan thermo-elements in series. No. 24 constantan and No. 26 
copper wire were used. The resistance of the set was about 4.5 ohms. 
These were connected to a sensitive Siemens and Halske D’Arsonval 
galvanometer of 91.6 ohms resistance, the deflections being observed by 
means of a powerful reading telescope to which a glass scale was attached, 
the distance from mirror to scale being 150 cm. A deflection of 9.2 cm. 


corresponded to a temperature difference of o°.1 C. The scale could 
be easily read to 0.01 cm. The sensitiveness of the apparatus varied to 
a certain extent because of the quantity of liquid not being always the 
same, and because the heat capacity of the immersed metal also differed 
for the different junctions. An idea of the sensitiveness may be gained 
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from the fact that in the case of the copper-silver junction (see section on 
copper-silver) a reversal of the heating effect of a current of 0.036 ampere 
through a coil of 4.5 ohms resistance produced a change of 0.27 cm. per 
minute in the rate of deflection of the galvanometer. That is, the 
addition of 2.59 joules of heat (0.62 calories) to one calorimeter would 
change the deflection of the galvanometer one centimeter. In the case 
of copper-platinum the addition of 2.18 joules was sufficient to change 
the deflection of the galvanometer one centimeter. 

The stirring of the liquid was first attempted by means of gas stirrers. 
Each of these consisted simply of a capillary glass tube, one end of which 
was placed in the bottom of the calorimeter, the other being connected 
to a tank containing air under a slight pressure. These were used only 
with the mercury thermometers. It was found that whenever a bubble 
of air happened to strike the thermometer the latter tended to give the 
temperature of the air rather than that of the liquid, in consequence 
rotary stirrers were substituted in the later experiments. These con- 
sisted of semi-circular disks of copper, 0.4 cm. radius, soldered to steel 
knitting-needles. Each was supported and made adjustable by means 
of two bearings, one at the top of the calorimeter, the other about 7 cm. 
above it. The stirrers were driven by a small electric motor. 

The openings of the calorimeters were partially closed either by cork 
stoppers, as in the case of copper-silver, or by pieces of cloth laid over 
the tops of the calorimeters. It was found that when the calorimeters 
were not shielded in any way the unequal lighting of the room had an 
appreciable effect upon the amount of heat required by each calorimeter, 
and in consequence the whole apparatus was surrounded by a box pro- 
vided with a heating-coil, by means of which, with the aid of a thermostat, 
the air could be kept at a constant temperature. As will be seen later, 
it is not important that there should be no heat lost by the calorimeters, 
but that this loss should be as nearly as possible the same for both. 
This and other vitiating effects will be discussed under the head of 
probable sources of error. 

Throughout the experiments kerosene was used as the calorimetric 
fluid, being chosen on account of its mobility and low specific heat. 
Equal amounts were measured into the calorimeters by means of a 
pipette. From 35 to 40 c.c. was used in each calorimeter. 

In order to be able to determine the temperature difference of the 
metallic junctions during an experiment when the temperature of the 
liquid was the same in both calorimeters, they were connected to the gal- 
vanometer by means of a double-throw switch so that they could replace 
the thermo-elements. By determining their thermo E.M.F. by com- 
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parison, the temperature difference could be computed. This measure- 
ment must necessarily be made after the current through the junctions 
is stopped, and in consequence the deflection obtained is less than it 
should be owing to communication of heat to the liquid. 

The approximate temperatures of the experiments were obtained by 
inserting a mercury thermometer into one of the calorimeters before and 
after a run and reading the temperature. 

Currents were measured by means of Siemens and Halske milliam- 
meters with suitable shunts. The compensating current was supplied 
by a single storage cell, while the main current was supplied by storage 
batteries of 4, 6, or 8 storage cells in series, or two sets of 8 cells in series 
in parallel, depending upon circumstances. The single cell supplied 
a perfectly uniform current, but the batteries frequently varied as much 
as one per cent., and occasionally as much as two or three per cent. 
These variations will not affect the final result materially since the cur- 
rent was read at regular intervals of one or two minutes each. 

A sectional view of the calorimeters is shown in Fig. 4, while all the 


electrical connections are shown diagrammatically in Fig. 5. 
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Mathematical Discussion—The following mathematical discussion is 
somewhat more complete than that given by Barker, to which reference 
has already been made. If we denote the two calorimeters as A and B, 
and for the quantities corresponding to each use the subscripts a and 3, 


respectively, we may use symbols for the quantities involved as follows: 
P 
r 
R 


1 = compensating current in amperes, 


Peltier E.M.F. expressed in volts, 


resistance of compensating heating-coil in ohms, 


effective resistance of junction, 
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J = main current through the junctions, 

C = heat capacity of calorimeter and contents expressed in joules, 

h = rate of heat loss to surrounding bodies dependent upon a differ- 
ence in temperature of 1° Centigrade, 

6 = temperature of liquid minus temperature of surrounding bodies, 

s = heat gained from external sources independent of any temperature 
differences (7. e., through stirring, etc.). 

Case I.—When direction of the current is such that heat is absorbed 

in A, and evolved in B, we have 


Ty?Ra — Pla + ta*fa — Noda + Sa La?Ry + Pla — lea + 5 
G 7 Cy 
or 
Ca(12R, + Pla — lia + So) = O12Ra — Ply + t2ta — haba + Sa), 


or 


PIa(Ca + Co) = Ta?(CoRa — CaRs) — 0a(Cohta — Cahn) + Cota? Pa 
+ (CrSa — CaSo), 
whence 
Ta(CoRa — CaRb) Cota?ha 6.(Crta — Calo) 
(Ca + G) Ia(Ca+ Cs) = Ia(Ca + Gs) 


> — 


(1) . . 
CrSa iced CaS 


LAG + Cs) ; 

Case IJ.—In a similar way we may obtain the following equation for 
the case when the current is reversed. 

Ty(CaR, — CoRa) Cate?rs 64( Cah» — Cha) Cass — CrSa 


(2) P= Cat + Ip(Ca + Co) ~ I6(Ca + Cs) be Io(Ca + Cr)’ 


Adding equations (1) and (2) we obtain 


I I — I, ~y ~ I CrtePa Cate? tr 
p='"|"° GR. — CRs) + =—— ( + ) 
2 C.4+G)' ' I+ OTS |e I, 
3) 
“ 6. % I I 
ES a“ , 
— . Y Pee i = ‘ ‘ Cc bya ~ ay . 
C.+ C, \Lohe Cah») C.+ C, ‘ bs CaS») 


If J, = Ih, the first and fourth terms on the right-hand side of the 
equation vanish. This condition is easily realized. If, in addition, 


9 9 
. lala + Wr, ; 
C, = C, the second becomes + 41 - and the third term becomes 
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6, vom A ~* . 
_ a (ha — fy). Since 6, and 6, are both small and approximately 
equal, the same being supposed to be true of /, and /», the last term may 
be neglected without any great error. We have then simply 
1a°Pa + 16°? 


(4) Pa— al 


This equation is the one used in all the numerical computations. It 
depends as we have seen upon the assumption that C, = C. This 
condition may not be very fully realized so it is advisable to consider 
equation (3) a little farther. Considering only the second and third 
terms, let us suppose that C, + c = C,, where c is small in comparison 
with C,. Then 


I ee ee ee ee 
f" 310C.+0 [Calta la t+ lp lo (6. 0) (ha hy) | 


+ ciara — ha(Oa — %)}). 


I . , 
If we expand ot. +c by the binomial theorem and sum the resultant 
a 


product as two geometrical progressions we obtain 


r _= a [ire + 1477p — (Oa nas 9) (hte — hy) 
(5) 


+ C {4e°fo so 1°Pp oad (A. rae 0) (ha + hy) }}. 


c 
2C. + 

Obviously a small difference in the heat capacities of the calorimetric 
systems will have but little effect upon the final result, unless perchance 
ha and hy should be quite large, which is improbable. 

Probable Advantages of Method.—Practically all the methods hitherto 
employed in the measurement of the Peltier E.M.F. involve temperature 
differences between the junctions which must necessarily involve both 
the Thomson and Seebeck effects. It is impossible to say with certainty 
what effect these phenomena will have upon the resulting value obtained 
for the Peltier E.M.F. These disturbing effects are effectually eliminated 
by the present method. This is shown by the temperature differences 
found for the junctions. Errors due to loss of heat to surrounding bodies, 
etc., are reduced to a minimum since the other methods used do not take 
account of it, and it must have been quite large in some cases. In other 
cases it is doubtful whether the temperature differences, or other quanti- 
ties, measured to determine the amount of heat involved, really were 
the temperature differences required. This would be due to a non- 
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uniform distribution of heat. This matter has been investigated in 
connection with this work, and has been found to play an important 
part in the determination of the Peltier E.M.F. This question is dis- 
cussed at some length in the next paragraph. Another probable ad- 
vantage of this method is that the Joule heating-effect can be made much 
smaller than has been the case in some of the previous work. In this 
way the total range of temperature during a single determination is 
reduced. 

Probable Sources of Error.—As will be observed by referring to the 
data given for the various couples, the compensating currents were 
frequently quite different. Several causes may be assigned for this, 
e. g.: (1) difference in rate of heat loss to surrounding bodies for the two 
calorimeters; (2) difference in the resistance of the immersed portions 
of the metals forming the junctions, due chiefly to the contact itself, and 
(3) difference in the heat s. This last is due principally to the stirrers 
either through heat produced by friction in the bearings or unequal 
stirring. Only the first of these can have any effect upon the final result 
[see discussion of equation (3)], unless s should vary during the course of 
the experiment. This may have happened occasionally, but would 
probably be as apt to influence the final result in one direction as in the 
other. Once or twice the speed of the stirrers changed owing to bad con- 
tact of the brushes with the armature of the motor. This would affect s. 
But another and more important effect due to such irregular action of 
the stirrers is that if the speed of the stirrers is varied in any way the 
steady temperature condition is upset, causing irregular movements of 
the galvanometer until a new temperature equilibrium is established. 
This difficulty actually arose and in consequence several runs gave un- 
reliable results. 

Inadequate stirring is a very probable source of error. In such cases 
the heat added to the liquid will not be distributed uniformly throughout 
the mass, but will remain in the neighborhood of the places where it is 
produced. In order to test this point a determination of the Peltier 
E.M.F. for the copper-bismuth couple was made without stirring the 
liquid. The result so obtained was 0.0084 volt, or a little more than half 
the true value. This, too, was the cause of considerable annoyance 
in the case of copper-platinum. Apparently the platinum foil which 
was used hung too close to the walls of the calorimeters, thus forming a 
sort of pocket where, owing to the resistance of the platinum, the liquid 
became hotter than the rest of the liquid in the vessel. Special precau- 
tions had to be observed in order to obviate this difficulty before any 


consistent set of measurements could be made. 
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To what extent the difference in rate of heat loss of the calorimeters 
may have affected the results it is difficult to say. One of the original 
calorimeters was discarded after it had apparently developed a fracture 
thus becoming a poor insulator. Afterward when some doubt arose 
as to the equality of this quantity for the two calorimeters which were 
used in all the later experiments, a test was made as follows: Both the 
calorimeters with contents were heated to a temperature of 65° C. and left 
standing uncovered in an atmosphere at 19° C. In 55 minutes the 
temperature of the calorimeter A had fallen to 30°.4 C., that of B to 
29°.6 C. Several hours afterward both had come to the temperature 
of the surroundings. This shows that their rates of heat loss were 
practically equal, but these seem excessively large. The very rapid 
fall in temperature at first was probably due in part to the rapid evapora- 
tion of the kerosene at such temperatures. Another reason might be 
that a considerable proportion of the surface of the liquid was exposed 
to the air. Granting that even when the calorimeters are at approxi- 
mately the temperature of the surroundings the quantity / is still rather 
large, it does not appear from equation (5) that any error in excess of the 
ordinary experimental errors should arise from disregarding the terms 
involving h. 

SECOND, OR SHUNT-CURRENT, METHOD. 

This method differs from the previous method in that compensation 
is accomplished by sending more current through one of the junctions 
than through the other, the difference in the Joule heating-effect being 
equal and opposite to that arising out of the Peltier effect. 

Mathematical Discussion—The mathematical computation of the 
Peltier E.M.F. in this case is quite similar to that for the preceding case. 
Using the same notation as before with the proviso that when J, = 
current through junction A, and 7, = shunted current, then J, — i, = 


current through junction B, we have 


I7R, — Fm — hBa + Sa IP a 14)*Rs a ¢-P = 14) P = hiPa + Sb 
Ce Cs ° 
Clearing of fractions and transposing we have 
{ (Ca + Co) I, os Cata }P _ Cyl? Ra — CuI, — 1a)*Rp 


(1a) - 64(Coha —_ Ch) + (CoSa — CaS»). 
Similarly with current reversed 


( {(Ca + Gi) I, — Con} P = Cal? Re — Co(Tn — to)? Ra 
ane 7 6,( Cah — Coha) + (CaS = CoSa). 
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Adding, we obtain 


( a) {(C, + Cr) (La + Ty) ine (Cota + Cri) } P = CrRaf{ I? aa, (I, = 1p)? } 
3 + CaRs } I? ain (la — $.)*} ‘ngs (6. = 0) (Cohta — Cahn). 


But, if J, = Js, this reduces to 


OR,(2I a 1p) tp a C,R,(2I — la)te iat (64 _ 6) (Coha —_ C,)v) 
P = a oN ee 
C.(2I = 1a) + C,(2I — 1p) 


Let us further assume that (1) 27 — i, = 2] — %, and (2) C,+c¢ = G. 
Then 
Ca( Rats + Rota) + CRota (6. — %) { Calha — h,) + ch, 


2C,.+¢ (2Ca + c)(2I — 1) 


P 
I 7 (6.—65(Ita—ho-+ “bs he) 
. . c . c 
_ Row+Rotat . Rab ° 
( : Cc c a 2I ag 
ani _7 
2Ca 

By applying the binomial theorem and grouping terms as was done for 
the first method we obtain 
(A, saa A) (ha — hy) 

2I -—1 

¢ (0, — 4) (he a hy) | 


I , ‘ 
a = > [ Ri + Rota —_ 
(5a) 
+= Raty — Reia — 
Sts + Cc ; ; 2l —_ 9 
Notice the resemblance this equation bears to equation (5). 
As a sufficiently close approximation for numerical work we may use the 
simplified equation 
Raty + Rota 


> 


~_ 


(4a) P 


The assumptions upon which this equation depends are: (1) J, = Jb, 
(2) 2f — ig = 2] — %, and (3) disregard of the corrective terms. The 
first condition is easily realized. The third is the same as that used in 
deriving equation (4) and nothing further need be said regarding it. 
In order that the second condition may be assumed without appreciable 
error it is necessary that J shall be large in comparison with 7. Since 
P = Ri, approximately, in order to fulfill this condition the resistance 
of the junction, R, must be considerable. This is also necessary for a 
quite different reason. If R were small it would be very difficult to 


ascertain its value, owing to the effect of the wires leading the current 
into and out of the bath. 
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A pparatus.—On this account, for the single determination of copper- 
nickel each junction consisted of two concentric spirals, one of copper 
and one of nickel wire. These were wound upon a light fiber frame which 
just fitted the bottom of the receptacle of the Dewar flask and extended 
up the sides for a distance of three centimeters. The actual junction 
was made near the bottom of the vessel. The resistance of each of these 
junctions was 0.4835 ohm, the wire used being No. 26 copper and No. 23 
nickel. The nickel wires in the two junctions were connected by six 
strands of similar nickel wire twisted together. Heavy copper leads 
were soldered to the ends of the copper wires. These coils were com- 
pletely immersed in the liquid. Otherwise the calorimetric arrangements, 


Storer 
Therrne cements 
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Fig. 6. Fig. 7. 


1. €., stirrers, thermo-elements, etc., were identical with those used for 
the previous method. For convenience in reading instead of using an 
ammeter to measure the shunt current it was measured by putting a 
milli-voltmeter across a standard resistance box through which the 
current was flowing. The resistance of the voltmeter was 340 ohms. 
By reading the voltmeter and knowing the box resistance the current 
could be computed. In most cases a potentiometer would probably 
be more suitable. By means of a three-way plug-key compensation 
could be effected in either calorimeter. The electrical connections are 
shown in Fig. 6, while Fig. 7 represents a cross-section of the bottom of a 
calorimeter with coil, thermo-elements and stirrer in place. 

Probable Advantages——An advantage which this method apparently 
possesses over the other is that the heat required to compensate the 
Peltier heat is produced in the wires which form the junction where the 
heat is being absorbed. Owing to the greater heat conductivity of the 
wires, neutralization of the Peltier effect should be accomplished much 
more readily than when it must all take place through the liquid. The 
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calorimetric conditions in the two calorimeters are as nearly as possible 
the same. 

Probable Disadvantages.—The total temperature range during an 
experiment is greater for this method than for the preceding. This is 
obvious from the fact that the resistance of the junction is very much 
greater. This might give rise to a greater error since the heat loss is 
dependent, to a certain extent at least, upon the temperature range. 
The difficulties attendant upon the stirring are augmented. Otherwise 
the advantages and disadvantages of this method are substantially those 
of the preceding method. 


EXPERIMENTAL RESULTs. 
Copper-Bismuth. 


The copper-bismuth junctions were made of two strips of rolled copper 
plate 2.00.24 cm. cross-section, and a strip of bismuth cast for the 
purpose in the shape of an inverted U. The cross-section of the bismuth 
was 2.0X0.18 cm. This pair of junctions was the one used for all the 
preliminary tests of the method. Even the most crude measurements 








TABLE II. 
Cop per-Bismuth. 
] , arn | itr, ) iy2r, P Expressed in 

‘a * 4/ 4/ Millivolts. 
1.037 .1052 .1003 .00816 .00745 +15.61 
1.038 .1081 .1015 860 762 16.22 
1.957 .1459 .1388 831 756 15.87 
.998 .1082 1014 896 | _ 791 a . 16.87 
ee NT Gs dina oc nae cane nesseseddsucewdiesereckiantweuees 16.14 
1.194 0969 =| 0845 .00885 .00674 15.59 
1.292 .1183 .0661 1219 382 16.01 
1.243 1172 .0664 1247 400 16.47 

.502 .0695 .0505 1082 == S72 ' 16.54 ; 
PAM IIES oo ic cain c ck Oa Atk Sen Oe See oie cabs nas ee 


which were made did not differ by more than twenty per cent. from 
the value which was finally found for this couple. When the “hoop” 
coils were being used over two hours were sometimes required to deter- 
mine with a fair degree of accuracy the amount of heat required to 
compensate the Peltier E.M.F. when the current was only sent in one 
direction. With the form of the coils finally adopted a complete determi- 
nation could be made in one and a half or two hours. Four trustworthy 
determinations were made with the ‘‘hoop” coils (72 = 3.057, % = 3.072), 
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and after these were replaced by coils of the final type (ra = 4.503, 
r, = 4.509) four other determinations were made. The data and results 
for these eight determinations are given below and separately averaged. 
All the values are for an approximate mean temperature of 18° C. Heat 
was absorbed when the current passed from bismuth to copper, and was 
given out when the direction of the current was from copper to bismuth. 
That is, using the same convention as Jahn and others, the sign of the 
Peltier E.M.F. is positive. 

The Peltier E.M.F. between copper and bismuth is, therefore, +0.01613 
volt at 18° C. 

The extreme variation of these eight determinations is 8 per cent.; 
hence, the probable error is less than one per cent. 


Copper-Silver. 

The copper-silver couple was made of rolled copper strips, 1.0 X 0.25 cm. 
in cross-section, and a silver strip, 0.9 X0.2 cm. in cross-section, rolled 
from a block of pure silver. Several trial runs were made, but because 
the magnitude of the Peltier effect was so small no satisfactory results 
were obtained. The values ranged from zero to + 0.00006 volt. These 
values are of the same order of magnitude as the experimental errors. 
The method finally adopted was to determine the rate of change of the 
deflection of the galvanometer while a compensating current of measur- 
able magnitude was being supplied first to one heating-coil and then to 
the other. During this time no current was sent through the junctions. 
Then while no compensating current was being supplied, a current was 
sent through the junctions in one direction and the deflection at the 
end of every minute for an interval of from 20 to 30 minutes plotted. 
From this plot an average rate of change of deflection was obtained. 
The same was done with the current flowing in the opposite direction. 
Two such runs were made, the same current being sent through the 
junctions in each case. 

When a current of 0.036 ampere was first sent through the heating-coil 
in calorimeter A and then changed to calorimeter B the change in the 
rate of change of deflection was 0.27 cm. per minute, the resistances of 
the coils being 4.503 and 4.509 ohms, respectively. From this it follows, 
as was pointed out in connection with the sensitiveness of the apparatus, 

2 - 
> ——a=s = 2.59 joules of heat added to one calo- 
rimeter will change the deflection of the galvanometer one centimeter. 

The results for rate of change of deflection with the current flowing 
through the junctions were as follows: 


that 
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TABLE III. 


Cop per-Silver. 


Direction of Rate of Change of 
/ Current in 4. Defi. per Min. 

ee ere eee 4.65 Cu to Bi +.02 cm. 
Second run Seer eT 4.65 Cu to Bi +.028 
First run. . ibe darken wee 0600 ee Bi to Cu +.01 
Second run eee re ere 4.65 Bi to Cu +.01 

First run — diff. in rate of change of defl. per min. = .o1 cm. 

Second run — diff. in rate of change of defl. per min. = .018 cm. 


Positive deflection indicates that the temperature of A is greater 
than that of B. 


= 0.010 {2 X 0.036 X 4.5 
P (First run) = + ( 36 X 4.5 


0.27 4X 465 ) = + 0.000023 volt. 


0.018 X 0.000023 


P (Second run) = + = + 0.000041 volt. 


0.010 
The mean temperature of these two runs was approximately 18° C. 
The Peltier E.M.F. between copper and silver is, therefore, +0.00003 
volt at 18° C. The probable error is less than 0.00001 volt. 
Notice that this result is very slightly positive, agreeing with that of 
Edlund, but is quite different from the value obtained by Jahn (see 
Table X. below). 


A single determination at a temperature of 48° C. gave P = o. 


Copper-Aluminium. 

The copper strips used were the same ones used in the case of copper- 
silver. Aluminium wire 0.5 cm. in diameter was used. The ends were 
flattened so that the immersed portions were I cm. wide, thus making 
their cross-section about the same as that of the silver. Only five runs 
were made. The first was merely a trial run and is omitted from the 
following table. The same heating-coils were used as in the previous 


experiment. 
TABLE IV. 
Copper-Aluminium. 

I i is x 108 x 108 Pin Millivolts. | Shue Terns 
4.86 | .0436 .0320 4424 .2375 +.680 6" <. 
5.12 | .0463 .0337 4713 .2501 721 16.3 
4.00 .0405 .0297 4614 .2485 .710 18.1 
5.60 .0461 .0347 4271 .2423 .669 15.2 


DOGO... 45s .695 15.8 
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The extreme range of these values is 7.4 per cent. of the mean. The 
probable error involved is about one per cent. We may, therefore, 
conclude that for copper-aluminium P = +0.00070 at 16° C. 


Copper-Platinum. 

The same copper strips were used as in the two preceding cases. The 
most suitable piece of platinum available was a piece of foil about 2 cm. 
wide and 33 cm. long. Its cross-section was approximately 0.0104 cm.” 
Considerable difficulty was experienced in getting anything like con- 
sistent results with this couple. The difficulty no doubt arose from 
insufficient stirring of the liquid. Apparently the foil rested against the 
glass wall of the calorimeter in such a way as to separate a part of the 
liquid from the main body. This would be heated to a different tempera- 
ture, and the amount of heat conducted to or from it by the remaining 
liquid would be dependent upon this difference in temperature. It was 
only after the greatest precautions had been taken to prevent the re- 
occurrence of this pocketing effect (such as folding in the corners of the 
foil and inserting small pieces of cork between it and the glass) that 
consistent results were obtained. Five determinations were made with 
the apparatus as finally adjusted. The fifth was a repetition of the 
second, which gave a result for P of + 0.00121 volt. These two determi- 
nations were made with a larger current than was used in the other 
three cases, and so the difficulty previously mentioned evidently re- 
appeared in the second determination, which has been omitted on that 
account from the following table of results. In repeating this determi- 
nation greater care was taken to insure good circulation of the liquid. 
Heating-coils of 1.49 and 1.505 ohms resistance were used so as to have 
larger compensating currents. 

A current of 0.1097 ampere through the smaller resistance produced a 
change in the rate of deflection of the galvanometer of 0.494 cm. per 
minute. From this it follows that 2.18 joules of heat added to one 
calorimeter would change the deflection of the galvanometer one centi- 


meter. 
TABLE V. 
Copper-Platinum. 

i. : - ing?ta irs 7 . om ant Approximate 

/ la ty - x 103 a x 168 Pin Millivolts. | Mean Temp. 
1.902 | .0522 | .0326 0.537 0.210 +0.747 we C. 
1.533 | .0437 | .0412 464 416 .880 16.3 
1.035 .0445  .0195 Bp .138 851 18.1 


2.85 | .0546 | .0623 .390 mF .902 17.2 


BEOCGMS. . «css .845 ii 17.1 
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The extreme range of these values is 5.5 per cent. of the mean, hence, 
the probable error is about one per cent. For copper-platinum P = 
+ 0.00085 volt at 17° C. 

Copper- Nickel. 

The apparatus used in this experiment has been described already in 
connection with the second method. The first two determinations 
given below were made on the day previous to the last two, and are 
considerably higher than the latter. The values corresponding to the 
higher temperatures are higher than the others, also one compensating 
current shows a marked tendency to increase with the temperature, 
the other to decrease. This indicates that the rate of heat loss to the 
surroundings was not the same for the two calorimeters. On the whole 
it seems that this method is not as satisfactory as the first method. This 
is doubtless due to the preponderance of the Joule heat. 


TABLE VI. 
Cop per-Nickel. 


Approximate Mean 


” | “ , Temp. 

0.650 .01463 .00950 + .00583 mF" C. 
701 1410 | 1520 708 25.0 
571 1206 1015 537 19.6 
611 1091 1329 585 24.0 


eee 603 


22.0 


The extreme variation of these values is 28.4 per cent. of the mean. 
Even assuming that the Peltier E.M.F. increases quite rapidly with the 
temperature the probable error must still be quite large. We shall 
take + 0.0060 volt to be the value of the Peltier E.M.F. between copper 
and nickel at 22° C. 

SUMMARY OF RESULTs. 
The values obtained for the Peltier E.M.F. for the couples investigated 


are tabulated below. 
TABLE VII. 


Peltier E.M.F. Expressed t 
in Millivolts. Cem. 


Metal Against Copper. 


Is + ence aaaue aw wees — — 
do an ce cea teen eae na ee 0.03 is’ Cc. 
SI ida saseevawseueen 0.70 16 
EY, <a ab as dict ar Be 0.85 17 
Nickel. . att Swing a 6.0 22 
ES vb oo a oo ees 16.1 18 


oe 
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JuncTION DEFLECTIONS. 


From the junction deflections it appeared that in the case of copper- 
bismuth the difference in temperature of the junctions at the end of a 
run varied from 0°.05 C. to o°.1 C. For copper-silver and copper- 
aluminium the junctions appeared to have the temperature of the liquid. 
In the case of copper-platinum the results were variable, but certainly 
never greater than o°.1 C. The maximum difference observed for 


copper-nickel was 0°.16 C. 


THERMO E.M.F. AND THE PELTIER E.M.F. 


In order to test the validity of Thomson’s theorem, which has been 





mentioned already, viz., P 


at the temperature 7, the thermo E.M.F. of the various couples was 


determined. 


Metal Against i Defi. in , Thermo E.M.F. ? Computed in 
Copper. mestes. Cm wom. OOe. in Microvolts. Millivolts 
Bismuth 10,280 27.59 32.70 +55.07 
Bismuth 7,780 35.84 32.22 54.96 
Bismuth 7,280 37.43 31.75 54.49 
Mean (Abs. Temp. = 291 54.84 +15.96 
Silver 420 4.76 34.66 + 0.366 
Silver 420 3.92 34.40 .306 
Silver 680 .58 32.08 O78 
Silver 480 .59 31.02 .058 
Mean (Abs. Temp. = 291 .202 + 0.06 
Aluminium 680 21.80 29.52 + 3.07 
Aluminium 420 39.15 31.58 3.11 
Mean (Abs. Temp. = 289) 3.09 + 0.89 
Platinum 3,280 4.72 39.50 + 2.41 
Platinum 1,280 11.19 38.52 2.29 
Platinum 2,280 6.00 37.70 2.23 
Platinum 3,280 4.01 37.10 2.18 
Platinum 1,680 8.20 35.90 2.36 
Mean (Abs. Temp. = 290). 2.29 + 0.66 
Nickel ...| 10,280 16.92 49.50 +21.61 
ee 12,280 13.82 48.54 21.50 
a 8,280 19.92 47.22 21.48 
Nickel 10,280 15.31 45.14 1.44 
Mean (Abs. Temp. = 295) . 21.51 6.35 


One junction was kept at a temperature of 0° C. by being 


dE 


=Tl i 


TABLE VIII. 


Thermo E.M.F. 


where E is the 


thermo 


E.M.F. 
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immersed in a bath of melting ice; the other junction was immersed in a 
water bath approximately as much above the temperature at which the 
Peltier E.M.F. was measured as 0° C. was below it. The E.M.F. was 
measured by connecting the thermo-element in series with a sensitive 
galvanometer and a standard resistance box. When used with the 
first three couples its deflection constant was 6.35 X10~* amperes per 
centimeter; with the last two the constant was 6.15X10~. Its re- 
sistance was 280 ohms. The galvanometer was badly damped when only 
a small resistance was in circuit with it and so the measurements with 
the copper-silver couple are not very reliable. The second pair of 
readings given for that couple were taken three hours after the first. 
The difference is probably due to a change in the temperature of some of 
the connections. In any event it is certain that the sign of the thermo 
E.M.F. of this couple was positive. Table VIII. gives the data ob- 
tained together with the computed values of the Peltier E.M.F. 


COMPARISON OF RESULTS OBTAINED BY DIFFERENT INVESTIGATORS. 


In the following table the results of Le Roux, Jahn, Edlund (as com- 
puted in the first part of this paper), a few scattered results, and the 


results of the present investigation are grouped together. The calcu- 


TABLE IX. 


Results Obtained by Different Investigators, Expressed in Millivolts. 


Metal LeRoux. Jahn. Edlund. Caswell. Observed 


Against by 
Copper. Obs. Calc. Obs. Calc. Obs. Calc. Obs. Calc. | Others. 
Antimony.|— 5.64 .300 
Iron 2.93 |.224| —3.68 —3.07 — 2.96 — 3.08 — 3.06! 
Cadmium .53 |.232 72 12 .16 21 
Zine — .45 .614 .68 41 -—- O01 - .02 
Copper -— — —— —— —— - —— ——_ — 
Silver — 48| — 58/|+ .03\+ .04/+ .03/+ .06 
Gold .. 33 50 
Lead 50 ae 
Tin. 56 82 
Aluminium -70 389 70 89 
Platinum + .37 + .38 1.02 1.23 85 .66 
Palladium 2.17 2.43 . 
e eo - r. § +6.75? 
Nickel +5.07 +5.44 6.0 6.35 l 48.043 


Bismuth +22.3 '.263 +17.7 |+17.6 +161 +16.0 
1 Lecher’s derived value of the Peltier E.M.F. between iron and silver. 
2 Barker. 


3 Cermak. 
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lated values have been obtained by means of Thomson’s equation. The 
second column of values given for Le Roux contains the ratios of his 
values of the Peltier E.M.F. to thermo E.M.F. in relative units. 

For all of these values I have aimed to retain only as many significant 
figures as seem to be justified by the accuracy of the experiments. 

Puysics LABORATORY, 
STANFORD UNIVERSITY, 
April, 19rt. 
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THE RECOVERY OF THE GILTAY SELENIUM CELL AND 
THE NATURE OF LIGHT-ACTION IN SELENIUM. 


By F. C. Brown. 


iw the July number of the PuysicaL REviEw!' it was shown that the 

general behavior of the four known varieties of selenium under the 
action of light could be explained by assuming that the different varieties 
were merely differently proportioned mixtures of three components 
which were in equilibrium according to the reaction 


APBC. 


In these considerations only the B component was a conductor of 
electricity. The amount of change of conductivity under the action 
of light at any instant was supposed to be proportional to the amounts 
of the changing components and to the rates of interchange according 
to the equations, 

dB/dt = — (a+ 8,)B+ aA + BC, (1) 
and 


di/dt 


kdB/dt, (2) 


and the value of the conductivity at any time after illumination was 
calculated to be 


i= L/N+aqe™ + cc™, (3) 


where L, N, ci, C2, m,, and mz represent constants for a light of a given 
intensity when the temperature and other functioning conditions are 
unchanging. These constants are determined solely by the rates of 
interchange as shown. The method of procedure was to assign values 
for the rates of interchange and then compute the value of the con- 
ductivity for different times of exposure. By the use of rates properly 
chosen such constants were obtained for equation (3) that its graph 
could be made to conform in a general way with all of the curve forms 
obtained experimentally with the four known varieties of selenium. 
It was stated that the action of light was merely the alteration of the 
rates of interchange, particularly an increase in the values of the direct 
rates of change a and §;, and further that the recovery from light-action 
was merely the process of restoration of the equilibrium amounts of the 
A, B and C kinds of selenium as the result of the smaller values of a 
and §; prevailing in the dark. 

1 Puys. Rev., XXXIII., p. 1. 
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Therefore in the recovery of selenium equations (1), (2) and (3) must 
likewise be in agreement with the changes taking place, provided the 
proper values are assigned to the rates of interchange, and new limits 


are used in the integration such that 














g* | 3 I L 1 (Bs + me)(B2 + m) 7 
ne 1 4 —— ) | oie 8 1 
L py N 82+ mm. NB | Ms — my, 
and 
g* L I (B2 + my)(B2 + m,)) 
ait ty ( Pe B,) . | (8 8 v] 
| Bi N Bo+m NBIL m, — me : 


where B, and C, are the respective amounts of the B and C kinds at the 
instant the recovery begins. In the action of light the corresponding 
constants By and Cp represented the amounts of the same components 
when the selenium was in equilibrium in the dark. 

Inasmuch as only the B component is conducting we may simplify our 
discussion by supposing that the units of conductivity are of such mag- 
nitude that B may be used interchangeably for either the amount of the 
component or the conductivity. 

Whereas it was shown in the previous paper that the general behavior 
of all the known varieties of light-positive and light-negative selenium 
could be explained by the proposed theory, it will be shown in this paper 
for one of the light-positive varieties, viz., that found in the Giltay 
selenium cell, that the change of conductivity during both exposure and 
recovery can be explained quite accurately by the same theory. The 
Giltay cell furnishes evidence more convincing than some varieties of 
selenium in that some of its rates of interchange are very close to the 
critical values. A slight alteration of the rates by certain temperature 
changes will transform the experimental recovery curve from one type to 
a second distinct type of curve. And it will be shown that these two 
types of recovery curves are precisely what might be predicted from 
theory. The Giltay cell is particularly adapted for a critical test of the 
theory also because of its stability, sensibility and uniformity. If kept 
in the dark most of the time and subjected to no unusual treatment the 
selenium cells of the high resistance type made by Giltay maintain 
approximately their initial resistance and initial light-sensitiveness. 
It is thought that any work with the Giltay cell can be repeated with 
greater certainty than can work with any other light sensitive selenium 
on the market. As many can testify a special skill is required to produce 
selenium with specific rates of change. Mr. Giltay states that after 
making selenium cells for thirty years he still has surprises in his results. 
My high sensibility selenium cells are more sensitive than the Giltay 
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cells but they possess neither stability nor uniformity. The selenium 
cell used in these analytical investigations is the same one mentioned in 
the preceding paper. 


EXPOSURE AND RECOVERY CURVES. 

Selenium is difficult to investigate in that so many agencies alter its 
conductivity, and it is not always easy to eliminate all except the one 
under investigation. For example in studying light-action, there is a 
certain heating effect and also a change in the pressure on the selenium. 
The change in pressure may be due to change in volume of the selenium 
between the semi-fixed electrodes, as a result of the light-action and the 
temperature-action. The magnitude of these two effects is not easy to 
ascertain. In our theory we must consider these effects as due directly 
to light-action. Probably the effects just mentioned are not larger than 
the observational errors. In addition the radioactivity of the atmos- 
phere, the moisture, and the barometric pressure alter the equilibrium 
condition and consequently the conductivity. In order to minimize the 
disturbing influences the selenium 
cell was placed in a kerosene oil, or 
paraffin oil, bath which was kept in 
motion continuously during obser- 





vations by a stirring device. See 
Fig. 1. The kerosene oil bath was 





surrounded by a water bath which bh -- => =~ 
PARAFFIN OIL 


SELENIUM 


was also kept in motion by a stir- wens ste 








ring device, run by a motor. The arse 





temperature of the bath was regu- SESS 
lated by an electric heating coil. 





== TANTALUM LAMP 





The source of illumination was a 24 Fig. 1. 

watt tantalum lamp with frosted 

globe. The lamp was inverted in a beaker which stood in the water 
bath. Unless otherwise mentioned the distance of the lamp was kept 
fixed at about 10 cm. 

The intensity of the light was regulated by varying the resistance in 
series with the lamp. The large bath was kept light tight. It was 
considered that the advantages of this apparatus were that the selenium 
would remain at about constant temperature during observations and 
that all the surroundings except the lighted lamp would be at the same 
temperature as the selenium. There were fewer difficulties due to stray 
light than I have observed hitherto with other apparatus. The con- 
ductivity was read directly from a Siemens and Halske needle galva- 
nometer in series with the selenium cell and a two volt storage battery. 
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Observations were taken with the selenium at 18° C., 28° C., and 52° C.., 
when the intensity of the illumination was that given by the tantalum 
lamp when the heating current was 0.43 ampere. The observations are 
shown in Fig. 2. It was impossible with the apparatus described to 
observe the more rapid changes which took place within a fraction of a 
second. The rapid changes due to the same illumination were measured 
by another method to be mentioned later in the paper. It may be noted 
that the conductivity under intense illumination is almost independent 
of the temperature. At the higher temperature the decrease of con- 
ductivity occurs somewhat more rapidly thus bringing the conductivity 
below that at lower temperatures. This may seem rather strange when 
it is noted that the conductivity at 52°C. begins at 4.0, which is five 
times that at 18° C., and two times that at 28°C. These facts are in 
substantial agreement with the results published in the previous paper, 
under less favorable circumstances. The maximum change of con- 
ductivity at the lowest temperature is about I10 times that in the dark, 
while the equilibrium conductivity is only 63 times that in the dark. 

The recovery for the three temperatures is remarkably different. 
At 18° C. the first observation that could be made accurately was after 
20 seconds, when the conductivity was more than twice that required for 
equilibrium in the dark. Although readings could not be taken ac- 
curately before 20 seconds, yet it was certain that at the end of the fifth 
second that the conductivity was not more than three times the dark 
value. After the first few seconds the remainder of the conductivity was 
regained very slowly. After four minutes it was fifty per cent. too high 
and after ten minutes the conductivity was yet 40 per cent. above the 
final value. In the recovery at 28° C. there was no observed difference 
in the rapid change but the slow change became much faster. After 
15 seconds the conductivity was only 47 per cent. above the final value 
and after four minutes it was only eight per cent. The results that show 
that the rapid change taking place during recovery is not altered much 
by temperature will be given later. 

At 52° C. the first observation that could be made showed that the 
conductivity was less that the final value as shown by curve 3}, Fig. 2. 
In fact it was about 25 per cent. too low for equilibrium. By further 
observations as shown in the same figure, the conductivity increased 
slowly during recovery until the equilibrium value was reached. After 
four minutes the value was 7 per cent. below equilibrium and after 
8 minutes it was 5 percent. Roughly the conductivity seems to increase 
during recovery only slightly faster than it decreased at the lower temper-~ 
tures. But how much the difference is depends upon the temperature, 
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TABLE I. 


during exposure and recovery at different temperatures. 


During Nlumination. 


During Illumination. 
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0.3 

0.009 
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18°C 


a .054 
a2 12.0 
8 0.9 
Be 0.004 
A S550 hg san 
- | Equilibrium values 
B 25 ; a 
: ee in the light. 
¢ 9,025 : 
Equation of 
ie " . 12.51 5 
conductivity, B = 25 — 46.2e° °°" + 22°" 
52° C. 
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At some temperature between 28° C. and 52° C. the selenium is in what 
might be called a critical condition, so far as the slow changes are con- 
cerned in the recovery. The slightest alteration in pressure, temperature, 
or other influencing agents might change the character of the recovery 
curve. In fact the selenium may be said to be in a critical condition at 
either 28° C. or 52° C. for a ten second exposure at 52° C. will give a 
recovery curve of like character to the one shown in Fig. 2 for 28° C. 


These two types of recovery in the Giltay cell which are conditioned 


Giving the rates of change necessary to explain the observed values of the conductivity 


During Recovery. 


0.00134 
12.0 
O18 
004 


11,200 ; . 
9g Values for com- 


i ylete recovery. 
3.6 J ' ? 


During Recovery. 


0.025 
12.0 
.07 
.009 


Equilibrium values 
in the dark. 


w44 23.16 7 ~1.10™ 


by temperature are very striking and they offer a rather severe test to 
our theory. However these diverse types can be explained theoretically 
by assuming that the action of the temperature change is merely an 
alteration of the rates of interchange. This was predicted in the previous 
paper referred to. In Table I. are given the rates of change during 
exposure and also during recovery which will explain the curves as 
obtained from observations when the selenium was at 18° C. and also 
at 52° C. The constants and the equations of conductivity result from 
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the rates of change, when calculated by the aid of the set of equations 
given in the previous paper and in this paper. Other rates might satisfy 
the experimental curves as well as the ones chosen. I can only state 
that the ones recorded are the best I could find. Everything depends 
on the rates. The quantity of only one kind of selenium must be taken 
arbitrarily to suit the units of conductivity chosen. The quantities 
of the other kinds both in the dark and in the light are calculated. As 
stipulated the sum of the three kinds can not change. In practice the 
value of the B kind for equilibrium in the dark was chosen to agree with 
the observed conductivity of the selenium in the dark. Then rates of 
change were found which would give the maximum and the final con- 
ductivity observed in the light. After obtaining agreement between 
theory and experiment for exposure it was fortunately very easy to 
obtain the same agreement for recovery. Afterthought showed that 
this is what should be expected. In fact if perfect agreement were 
obtained for exposure, then we should know almost without trial what 
rates should be proper to explain the recovery observations. The 
recovery and exposure, as a study of the theory will show, are closely 
correlated. The graphs of the equations in Table I. are represented in 
Fig. 2 by the continuous curves. It will be observed that the con- 
ductivity curve is always continuous. 

It is surprising indeed that the agreement between theory and experi- 
ment is so close as shown in Fig. 2. This particular case was chosen as 
the most difficult one to explain that could be obtained with any variety 
of selenium under any conditions. The extreme range of the con- 
ductivity and the peculiarity of the curves would have made a much 
worse agreement satisfactory. It is not certain that the rates given in 
Table 1. are more than approximately correct. However later thought 
shows that they are of the right order of magnitude and probably vary 
only in the second place from the true values. But what is most im- 
portant at this stage of our investigation is to find out what light and 
temperature do to the rates of change, and to inquire if the things that 
happen are consistent and reasonable. It may merely be noted here 
from Table I. that light increases the direct changes a; and 8; and that a 
temperature rise increases all the changes except possibly the reverse 
rate of change a2. The relative action of light and temperature as 
shown is of much interest but we shall reserve discussion on this point 
until later in the paper when we have considered more comprehensive 
data. 
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CHANGE OF CONDUCTIVITY DURING EXPOSURE AND RECOVERY FOR 
FAINT ILLUMINATION. 

In the discussion just preceding the intensity of the light may be con- 
sidered as relatively great although it was probably not larger than 32 cp. 
at 10 cm. In general it is important to check theory and experiment 
under conditions that allow the greatest change, but in this instance it is 
also quite necessary to find agreement where the illumination is not 
intense and where there is consequently only a small change in the 
conductivity. 

In order to predict what difference may be expected between faint 
illumination and intense illumination, we must first define what we 
mean by faint and intense. We will consider the wave front of light 
as speckled at any instant with light and dark spots of small dimensions, 
and that the light spots travel about over any uniformly illuminated 
surface in such a manner that after a few seconds any one finite area shall 
have been hit by the same number of light spots as any other equal area 
on the surface. This is the well known spotted wave front theory! 
proposed by Sir J. J. Thomson,? and others. The intensity will be de- 
fined as the average number of light spots per unit area at any in- 
stant. Thus the essential difference between the action of an intense 
light and a faint light on selenium lies in the difference in the number 
of particles acted on at any instant, or we may say in the difference of 
rate of action. If light acts on selenium until saturation is produced 
there will be just as many particles struck and changed by light per 
second as recover per second. Light of small intensity acts on only 
a small number of particles per second, while an intense light acts on 
a relatively large number. Every particle that is struck with faint 
light will change just as much as it would if struck by an intense light, 
but before it is struck a second time it will be almost recovered. The 
interval between successive impingements of a faint light on the same 
small region is relatively large. And so on the average for all the 
particles, they will be almost recovered all the time. The result is that 
the rates of recovery for faint illumination will be smaller than for intense 
illumination. More will be said on this point in the discussion of the 
experimental results obtained. 

The observations with faint illumination were taken under about the 
same circumstances as those previously described with intense illumi- 
nation. The source of light was the same tantalum lamp when it was 
carrying 0.1I ampere as heating current. As before the entire surface 


1 See paper by Sir J. J. Thomson. 
2? Proc. Camb. Phil. Soc., XIV, p. 41, 1908. 
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of the selenium was illuminated. The intensity was so regulated that 
the conductivity would be about doubled by the light. The temperature 
was about 26° C. The observed conductivity at all times during both 
exposure and recovery is shown in Fig. 3. In Table II. are given the 
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Fig. 3. 


Exposure and recovery curves withfaint illumination. a isthe theoretical curve for exposure; 
b and ¢ are theoretical curves for recovery; © represents the observed values. 


rates of change during exposure and recovery which would cause the 
conductivity to vary along the continuous lines a, 6, and c. The 
agreement is found to be within the limits of experimental error and is 
as good as could be hoped for. It is particularly noteworthy that the 
same rates of change explain the recovery at the end of a ten-second 
exposure that explain the recovery at the end of a ten-minute exposure. 


TABLE II. 


Giving the constants and resulting equations necessary to explain the exposure and re- 
covery curves when the selenium is exposed to faint illumination at 26°C. 


During Illumination. During Recovery. 

a; 0.004 0.00132 
a, 0.02 0.02 
By 0.01 0.0053 
B. 0.003 0.003 

A 15.6) Before 10.2 } Values at end 13.9 ) Values at end 

B 1.0>  illumi- 2.86 > of ten min. 1.42 > of ten sec. 

C 1.8) nation. 5.4 } exposure. 3.11} exposure. 


B = 2.06 — 1.17e~-9338' +0.17e--™*, B= 1+0.83e ~°# + 0.23e ~-6 for 10 min. exposure. 
B =1 + 0.35e~-°¥ + 0.08e~- for 10 seconds exposure. 


The initial values of the three kinds of selenium for recovery after a 
ten-second exposure are calculated by the aid of the equations given in 
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the previous paper. It must be remembered that the initial conditions 
during recovery are determined by the rates during illumination and 
conversely that the initial conditions during exposure are dependent 
on the rates during recovery, as well as the time of recovery. No experi- 
ments were made to check theory and experiment where the selenium 
had only partially recovered but I have no doubt whatever but that the 
agreement would be as satisfactory as the other results. 


THE RECOVERY WITH DIFFERENT DURATIONS OF EXPOSURE. 


We have shown for intense light at certain temperatures and for a 
given period of illumination that the reverse change between the A and B 
components is large compared with the reverse change between B and C. 
This suggests at once that the recovery of B into A may be determined 
directly by measuring the resistance changes over such short intervals of 
time that no appreciable amount of the C kind is changed into B. In order 
to predict what change in B may be expected, we will substitute the rate 
values during recovery and also the amounts of the components, as 
found in Table I. into equation (1). This gives 


dB/dt = — (12 + .14) X 25 + 0.0025 X 1923 + 0.004 X 100. 


We observe from this that so long as B is large compared with unity, 
that the change in B should be almost proportional to the amount of 
B present at any instant, regardless of the amount of A and C. This 
conclusion may obviously be stated in the following form: the change of 
conductivity for short intervals during recovery divided by the con- 
x. ductivity should be a constant for 





large values of B and constant illu- 
mination. 

i Kl Ks To test the above relation the se- 
o lenium was exposed to the tantalum 


vs 








lamp, carrying 0.35 ampere, for va- 











rious lengths of time, and the mean 
conductivities were measured dur- 
i ing the last 0.1 second of exposure 
“92 and during the first 0.1 second of re- 
meen | covery. This was accomplished by 
Fig. 4. a modification of the method of 
measuring fluctuating resistances 


described by Brown and Clark.!. Two galvanometers instead of one were 
used, as shown in Fig. 4. The pendulum that operated the galvanometer 
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keys also opened the lighting circuit. The first galvanometer was thrown 
into circuit only during the last 0.1 second of exposure and the second 
galvanometer was likewise in circuit only during the first 0.1 second of 
recovery, after the selenium was darkened. By the usual calibration the 
deflections were translated into the equivalent mean conductivity during 
the interval in question. The period of one of the galvanometers was 
increased by adding a lead rider to the moving coil. This enabled one 
observer to read both galvanometers. The selenium cell was left in the 
bath arrangement previously described. The temperature was 22° C. 
An hour or more elapsed between 














observations to allow the selenium “ 
to recover. The results of the 9 — =a }___| 
observations are shown on the % | 
curves in Fig. 5. The points on § “h rc | a 
the upper curve resulted from ob- ~ »*\—1—— ee aS a 
servations made on the first gal- < tae \ 
vanometer, and the points on the "1 | ie -— t + fF 
lower curve were calculated from ~ so v = A +. 
the deflections of the second gal- ~ yg ae 4 as to 
vanometer. The difference be- ; | ee a 
tween any pair of observations 4 | te Some wae a os ee Gil 
recorded on the two curves divided = 4 _ a Se a = 
by the higher value gives the mean - 
| a — 


fractional part of the conductivity 


recovered between zero and 0.1 ir —$Bipaalelasers—comglarelandy inn flank |_| 


second. This fractional part or 0 40 80 120 [60 200 240 
per centage recovery is recorded in TIME - SECONDS 
Fig. 5 for each pair of observations. Fig. 5. 


I was surprised myself at the con- The upper curve (a) shows the conductivity 
stancy of these percentages. The for any period of illumination from 0.4 second 
conductivity varies bv at least forty t° 240 seconds. The lower curve (b) shows 
‘ the -- the conductivity of the selenium after recov- 
per cent. and yet it is doubtful if es pee aps 
: ering 0.05 second following any period of illu- 

the percentage recovered varies as mination. Conduct-vity in dark 1.3. 
much as one per cent. when the 
time of exposure varies from 0.4 second to 240 seconds. As the first 
value is low however there may be some doubt as to the constant per- 
centage recovery for exposures of only a fraction of a second. 

The mean percentage recovery recorded during the first 0.1 second 
was about 30. If we assume that this value was reached in 0.05 second, 
then we obtain for the rate of change of B into A, ag = 12. This is in 


agreement with the curves in Fig. 2, for which no observations were 
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taken directly for periods less than ten seconds. In fact the result here 
recorded was used as an aid to ob- 


ee ee ° 
[ | tain the correct rates of change to 


do 


1 a ee ee explain the observations in Fig. 2. 
ol | By the same method recorded in 
| | this section the recovery during 0.1 
dB OE cn DR Winton mae, =, second was measured at 40° C., and 
it was found that the fractional part 


recovered was 34 per cent. This in- 
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dicates quite directly what was shown 
in Table I., that the value of the 
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In Fig. 6 is shown the percentage 
. recovery for exposures between zero 
and six seconds. In taking these re- 


Fig. 6. : : 
corded observations the selenium was 


(1) Conductivity before recovery. (2) : 
’ ee ee not placed in a bath, but neverthe- 
Conductivity after recovering during 0.1 z . 
enc. less they are substantially in agree- 
ment with the other results. The 
intensity of the light was less than in the other instance, and the pen- 
dulum keys were so arranged as to give the recovery after 0.1 second and 


not the mean recovery between 0 and 0.1 second. 


THE VARIATION OF THE RATE OF RECOVERY WITH THE INTENSITY OF 
EXPOSURE. 


A comparison of the data in Tables I. and II. indicates that the rapid 
rate of change ag varies greatly with the intensity of illumination. After 
the thorough investigation mentioned in the last sections was made, 
which showed that the value of az did not vary with the time of exposure 
within very wide limits, it was thought advisable to investigate the 
effect of varying intensity by the same method. The same apparatus 
referred to in Fig.4 was used. However, when the change of resistance was 
small the first galvanometer was used to measure the equilibrium resist- 
ance in the dark and the resistance at the end of a three minute exposure 
by the ordinary Wheatstone’s bridge method. The second galvanometer 
measured by its throw the mean change of resistance during the first 
0.1 second after the light was extinguished. The period of illumination 
was kept constant and the intensity was varied by changing the heating 
current in the lamp. As I have not yet considered quantitatively the 
effect of varying the intensity of the light, I have not yet taken the trouble 
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to interpret the intensity in the usual units. A sufficiently accurate 
notion of the intensity for our present discussion may be estimated from 
the value of the heating current and also from the change of resistance 


of the selenium. The results of the investigation are given in Table III. 


TABLE III. 


Cur- Poten- = ak 
rent in tial Time | Resist- ake . , i 
Time. Lamp Te™per- across of Ex-| ance in Resist- Defiec- sx 10% . 
Am- ature. “Gell, posure. Dark ance in tion. Ohms-?, _Mean 
peres. Volts. Light. Pesesat- 
age. 
10:55 A.M. 0.15 27.8°C.. 2 3 min. 680,000 | 159,000 6.1 
11:45 680,000 158,000 4.0 
1:00 P. M. 700,000 156,000 4.0 
2 Mean 3.7 0.016 2.5 
9:02 A. M. 0.20 28.0 2 j3 740,000 74,000 | 14.5 0.11 
9:53 710,000 74,000 14.6 0.11 
8.2 
1:15 P.M. 0.45 27.5 2 |3 700,000 16,300 74. 
3:50 677,000 | 16,900 73. 
2.79 46.5 
6:30 0.33 | 27.7 2 3 703,000 28,200 64. 1.05 29.6 
1225 0.355 2 3 710,000 23,000 73. 1.44 33.1 
9:4 0.40 27.9 2 3 680,000 19,700 76.8 2.04 40.2 
10:55 0.3 eB 2 3 705,000 34,000 67.0 0.72 24.0 
12:04 0.25 | 27.8 2 3 683,000 49.400 39.3 0.31 15.3 
2:38 0.22 | 28.1 2 3 660,000 62,000 28.0 
5.30 24.0 
0.18 11.2 


The value of AB,/B varies from 2.5 per cent. for the faintest light meas- 
ured to 46.5 per cent. for the most intense light. It may be stated 
without qualification that AB/B increases with increased intensity. 
The rate of change as calculated from the value 0.025 is only slightly 
larger than the value given for a in Table II., where the conductivity 
was somewhat less. This is as it should be. 

In obtaining the data in Table III. the character of the light varied 
as well as the intensity did, and the same may be said for the comparative 
observations in Figs. 2 and 3. Just what difference arises from the 
altered character of the light can not be predicted with any certainty, 
but the assumption that the characteristic difference in the results noted 
is due to a variation in the light intensity can not be far wrong. It was 
shown in the previous paper’ in a general way that when the character 
of the light source was practically constant, and when the intensity of 
illumination was varied by varying the distance of the source that the 


iPuys. REv., XXXIIL., p. 1. 
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time required for the maximum conductivity to be reached during 


exposure increased with decreasing intensity. 


THE EFFECT OF SHORT EXPOSURES. 


The effect of short exposures to either intense or faint illumination is 
to produce the changes that take place rapidly but it does not follow 
that the recovery should be correspondingly less for short exposures, than 
it would be for long exposures. If there is a large increase in the con- 
ductivity as a result of a short exposure, during exposure the conductivity 
component changes both into the A kind and the C kind, and it will be 
noted from Table I. that the rate of transformation into C is relatively 
quite large. It follows that before equilibrium is reached all of the C 
kind must be retransformed back into the B and C. kinds, which is of 
course a slow process. Again this notion is confirmed by the equations 
of the conductivity, in which the exponential coefficients are determined 
solely by the rates of change, while the constants c; and cz are determined 
both by the rates of change and the time factor. 

That the preceding explanation for the recovery from short exposures 
is probably the correct one, may be inferred further from the observations 
shown in the curves in Fig. 7. The selenium at 20° C. was exposed to a 


very intense light, roughly a 32 cp. 


rc +--+ — - —- 





140. igs [TT fade] ff | tungsten lamp at 7 cm. distance for 
+—+ inZsess a period of 0.35 second. This 
>, (201 ——7 i | period was just about sufficient to 
al | yi ‘| \ allow the selenium to reach its 
~@Q@hnie) Rae maximum conductivity, 1. e., the 
= 0 Bani | condition when there was the maxi- 
> 60} f | | mum amount of B present. This 
iy tim Ltt was one hundred times the amount 
oT] Ti yt TTT of B present in the dark equilibrium 
20 +--+ \ t—t—+—-—+—4 condition. After 0.85 second only 
al Ll aa! at l0Sec. about 85 per cent. of the conduc- 
tivity change is seen to be re- 

TIME 


covered. And even after 60 sec- 

Fig. 7. onds it was still twice what it 
Each division represents 0.1 second. should be for equilibrium in the 
dark at that temperature. Prob- 
ably the most surprising fact is that both theory and observation show 
that it requires longer for selenium to recover its conductivity after ex- 
posure to a faint light than it requires to recover from a long exposure to 


a very intense light. 
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For high temperatures also the recovery from very short exposures is 
similar to that shown in the last figure, but more rapid. But for longer 
exposures the recovery is like that shown in Fig. 2. This is in general 
agreement with the theory. For short exposures there is only a small 
amount of the B kind transformed into the C kind and consequently the 
conductivity should be continually diminishing. If the exposure is 
continued then there is such a large amount of the C kind produced 
that the B kind first diminishes rapidly below the dark value in order to 
approach equilibrium between A and B, and then increases slowly until 
the equilibrium value is reached. Here caution is urged against as- 
suming that selenium is in equilibrium merely because the equilibrium 
value of the conductivity is reached. In case the selenium is in apparent 
equilibrium, but in reality not, the sensitiveness to light is diminished 
just as might be expected if the amount of the A kind present were 
too small. For a long time this diminished sensitiveness to light was 
very puzzling to me. 


THE RECOVERY FROM THE EFFECTS OF HIGH POTENTIAL DIFFERENCES. 

It was stated in two earlier papers! that the change of conductivity 
of selenium by high potential differences was of the same nature as the 
change by light This conclusion was based largely upon the fact that 
the light sensitiveness of the selenium diminished as the potential differ- 


ence between the electrodes was increased, and also upon the fact that 
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Fig. 8. 
Curves showing the conductivity of the selenium during the action of 152 volts potential 
difference and during the recovery. 
both agencies acted in such a manner as to first increase the conductivity 
and then to decrease it. Further consideration shows that both effects 


1 Puys. Rev., XXVI., p. 273, 1908, and XXXIII., p. 1, 1911. 








are similar, in that they alter the rates of interchange and consequently 
increase the amounts of the B and C kinds. But the rates are altered 
in quite different proportions by the two effects. Light acts chiefly 
on the rates between the A and B components while the high potential 
acts about as much on the B and C components as on the others. Obser- 
vations that were taken during action and recovery with 150 volts are 
shown in Fig. 8. I have not yet succeeded in obtaining any accurate 
notion of the rapidity of the more rapid change. Before an accurate 
comparison of the rates can be made it will be necessary to measure the 
rapid changes. 
THE INTERPRETATION OF THE RESULTs. 

We have shown that the proposed kinetic reaction theory agrees in a 
general way with all the varieties of selenium known and further that 
when tested in particular with one of the most complicated the agreement 
is all that could be hoped for. It has not been necessary to impose any 
conditions that are unreasonable or that complicate the simplicity of the 
argument. But having established the theory thus far to a fair degree 
of accuracy, it is of interest to inquire what may be its further physical 
significance. 

It has not been necessary to assume that more than one of the three 
components are conducting and further it has not been necessary to 
assume that light acts in the least degree on the reverse rates of change. 
In both these respects the theory is less complex than when it was first 
proposed. These facts have been tested for intense light at two widely 
varying temperatures. In fact the temperature difference was so great 
that the initial conductivity in the dark differed by a factor of five. The 
light was so intense that the conductivity in one instance had a maximum 
value I10 times that in the dark. That only the direct changes are 
necessarily altered by light was also shown for light so faint that the 
maximum conductivity was only twice what it was in the dark. There 
can be little doubt but that for light effects one hundred times smaller 
than this, we would also find that only the direct rates would necessarily 
be altered. The generality of this conclusion is not only interesting but 
also a big advance in our theory. It should simplify the physical inter- 
pretation and at the same time reduce the difficulties in the mathematics. 


TABLE IV. 
Ratio of Rates Intense Light Faint Light 
in Light to Dark. at 18°C. at 52°C. at 22°C. 
doo s Ain ks aXe Beha ay bei ar uel carta 40 12 3 
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That light may act on the rates in about the same way for intense light 
as for faint light is shown in Table IV., which is compiled from the data 
in Tables I. and II. To distinguish between rates, those prevailing 
during light action are primed. 

Attention should be called to the fact that at different temperatures 
and with different intensities of light, we do not suppose the existence 
of the same total amount for the three components. The meaning of 
this is not certain. The total amount might possibly vary with tempera- 
ture but this could hardly be the case with varying intensity. Possibly 
the amounts considered are partially fictitious, and that as previously 
alluded to, an intense light acts on a large proportion of the components 
present, while a faint light acts on only a relatively small proportion at 
any instant. It may be suggested here that the different initial rates 
of change that analysis shows to exist in the four known varieties of 
selenium, may in some cases arise from a difference in the attractive 
power of the components for certain molecular aggregates either in the 
solid or gaseous state. Obviously the impurities might modify the rates 
unequally for the different components. I hope to develop this idea 
further later in explaining certain unstable samples of selenium. 

In the original paper it was assumed that the light was of uniform 
intensity throughout the selenium at any instant. Now in order that 
our analysis shall apply to the facts, we must understand that the light 
shall have what might be called only an average uniformity. 

The rates of change that are given in this paper assume that light acts 
throughout the conducting layer of selenium. The fact that the rates 
are so consistent with each other and that they so satisfactorily explain 
the observations would lead one to suspect that the above assumption 
is not far wrong. 

THE EFFECT OF OTHER AGENCIES. 

A study of the tables shows that our previous predictions concerning 
the similarity of the action of light and temperature still seem to be 
consistent. So far as light action is concerned it is necessary to assume 
that temperature alters the direct rates a; and §; to a very large degree. 
However in addition to this, temperature produces a slight change in the 
reverse rate 82 and possibly also a minor change in conductivity of which 
no account is taken in our theory. The fact that temperature alters 
three of the rates will probably make it easy to explain the numerous 
temperature coefficients that are possessed by the different varieties of 
selenium. Temperature no doubt acts throughout the conducting layer 
of selenium. This being assumed we have at once an easy method of 
estimating the relative depth of penetration of selenium by light. 
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The behavior of selenium under the action of pressure, radium, X-rays 
and other agencies should aid us in the interpretation of our results. 
The fact that selenium recovers very slowly from radium action as 
pointed out by Brown and Stebbins or X-ray action as pointed out by 
Miss MacDowell! can be explained satisfactorily if we assume that these 
agencies have compared to intense light a low frequency for any point 
region. Its . that this is the most reasonable assumption to make. 
Further if seicntum is suddenly relieved from a very high pressure it 
should recover much more rapidly for the rapid part of the change, 
than it does from illumination of ordinary intensity. What observations 
we have made on this point indicates this high rapidity of recovery for 
either small or large pressures. However, we were not prepared in 1907 
to measure this rapid rate. Further investigations on the rate of action 
by other agencies will no doubt show that the proper assignment of rates 
of interchange will explain the larger part of the changes taking place, 
but the values that are obtained may modify our intrepretation materially. 


SUMMARY OF CONCLUSIONS. 


1. Without making any allowance for the fact that the light does not 
probably penetrate throughout the conducting layer of selenium, the 
theory agrees fairly satisfactorily with the observations over a wide 
range of temperature and light conditions. 

2. Only one of the three components is conducting. 

3. Very direct experiments show that for at least one case the change 
in the conductivity is proportional to the amount of the changing com- 
ponent. 

4. Temperature action in the Giltay selenium cell is essentially the 
same as light action but not identical to it. 

5. More careful and more extensive work should be carried out to 
determine the full significance of all the rates of interchange. 

THE PHYSICAL LABORATORY, 
UNIVERSITY OF Iowa, 
Iowa City. 


1 Puys. REvV., XXX., p. 474; also paper by M. Perreaux, Comptes Rendus, Vol. 129, p. 956. 
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THERMAL CONDUCTIVITY AT HIGH TEMPERATURES. 
By M. F. ANGELL. 


INTRODUCTION. 


\“ 71TH the growth of the electron theory and its application to the flow 

of heat in metals the measurement of thermal conductivity be- 
comes of greater interest. The determinations, up to the present time, have 
been confined within narrow limits of temperature and the object of this 
investigation was to determine the thermal conductivity of a few metals 
over a wide range. The first measurements at high temperatures were 
made by Forbes,' using the well-known “‘ Forbes bar method,” on wrought 
iron at temperatures of 0°, 100°, 200° and 275° C.; giving a decrease in 
thermal conductivity from .207 at 0° C. to .124 at 275° C. Tait? and 
Mitchell’ used the same method, but found an increase in conductivity 
with temperature, which is undoubtedly in error, as shown by the later 
work of Jager and Diesselhorst.t Lorenz®> heated a rod at one end by 
contact with a large slab and determined the temperature gradient by 
means of thermocouples inserted in holes along the rod; the source of 
heat was then removed and the temperature gradient determined when 
the rod was cooling. Between 0° C. and 100° C. he found an increase in 
conductivity with temperature for aluminum, brass, copper and german 
silver; a decrease for antimony, bismuth, cadmium, iron, lead and zinc; 
and a constant for magnesium. Baillie,’ with the Forbes method, 
determined the thermal conductivity of nickel between 0° C. and 100° C. 
to be .132 and found this value to be changed only in the third decimal 
place at a temperature of 200°C. Jager and Diesselhorst* used a method 
suggested by Kohlrausch,’ which consisted in heating a rod with a con- 
stant electric current; the ends of the rods being in contact with large 
baths, a steady flow of heat was maintained from the center to the 
ends. The temperature was measured at three points along the rod by 
means of thermocouples inserted in holes. Determinations were made 

1J. D. Forbes, Athendum, p. 1012, 1852. 

2P. G. Tait, Trans. Roy. Soc. Edinb., p. 717, 1880; Phil. Mag. (5), 12, p. 147, 1881. 

3A. C. Mitchell, Trans. Roy. Soc. Edinb., p. 435, 1887. 

*W. Jager u. H. Diesselhorst, Abh. d. Phys.-Techn. Reichsanstalt, 3, 269, 1900. 

§L. Lorenz, Wied. Ann., 13, p. 422, 1881. 


*T. C. Baillie, Trans. Roy. Soc. Edinb., 39, p. 361, 1897-08. 
7F. Kohlrausch, Ztschr. f. Instruementk., 18, 139, 1898; Drude’s Ann., I, 145, 1900. 
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on a large number of materials at 18° C. and 100° C.; an increase in 
thermal conductivity with temperature was shown by aluminum, 
constantin, gold, manganin, palladium, platinum and tombac; and a 
decrease by bismuth, cadmium, iron, copper, lead, nickel, silver, steel 


and zinc. 


A NEw METHOD FOR THE DETERMINATION OF THERMAL CONDUCTIVITY. 


~ 


In this investigation a new method, suggested by Professor C. E. 
Mendenhall, was used for the determination of thermal conductivity of 
metals at high temperatures. If a long cylindrical rod is heated electri- 
cally the temperature over a short distance /, symmetrically situated 
with respect to the ends, is approximately uniform and this approxi- 
mation may be made as close as we please by increasing the length of 
the rod. In this central section, /, Fig. 1, the energy flow is then radial, 











i. e., from the center to the circumference, and the quantity passing 
through any concentric cylindrical surface, of radius r and length /, is 
given by — 2mrlAdT/dr; where X is the thermal conductivity and dT7/dr 
the temperature gradient at r. When a steady state is reached we have 


rrlEI = — 2nrld\dT/dr; 
integrating 
EI (” _ 
rdry = —X dT, 
2 Je 1, 
or 
EIr? 
A= ; , I 
4(T2 — T;) (1) 


where 7 is the radius of the rod, E the fall of potential along one centi- 
meter, J the current density, which is assumed constant over the cross- 
section and 7, and 7, are the temperatures at the center and circum- 
ference of the rod respectively. If the measurement of the fall of 
potential along / is difficult, as with alternating current, a separate 
determination of resistance at different temperatures may be made and 


IR substituted for E in the equation, R being the specific resistance. 
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The above discussion is on the assumption that the variation of specific 
resistance, due to the variation of temperature from inside to outside of 
the rod, may be neglected. As a closer approximation we may assume 
the radial variation of resistance to be proportional to r’*, as would follow 
to a first approximation from equation (1); substituting E/R for J we 


may write 


R = R, aa ar’, 


where R, is the resistance at the center of the rod. Then 


7 F2 
| R= an 2tldr = — 2nrldkdT/dr. 
and 
FE? Re — ar? 
ae log Re — 7 rvdT/dr. 


Dividing the equation by E°r/2@ and integrating we obtain 


‘i a ‘)" = [22 yar 
og Joe 4 = . E? 


eu - e 


os F*r? [ ar," 4 a’r;4 ] 
uae Ro4(T» = T;) ' 4R2 oR? 2) 


or 


In this case the term outside the bracket is the value of \ obtained 
above. By substituting the values of a and R: as approximately known 
for any metal, the terms containing these quantities are seen to be 
negligible for rods less than 2 cm. in diameter. 

For a hollow cylinder, where rz and 7, are the inside and outside radii 


respectively, we have 


a(r? — r2)LEI = — 2xrlddT/dr. 
Integrating 
" 8 a ae dr 
—X [ dT = [ (r? — ro*) 
. 2 ; r 
vTs - 
and 
. EI =—s re 2] "] 
= a = f° y . (3 
2(T2 —_ T;) 2 . 8 +, 3) 


This is the formula used in the present investigation. As the energy is 
measured in watts, \ must be multiplied by .239 to reduce it to cal./cm, 
sec. degree. 

When alternating current is used, these formule will not apply to 
magnetic substances as the “‘skin effect’’ must be considered in expressing 
the distribution of current inside the rod. The problem of determining 
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thermal conductivity under these conditions was found too complicated 
for the present investigation and determinations on these substances 
were limited to temperatures such that the magnetic properties, as 
indicated by the presence of an appreciable skin effect, had disappeared. 


EXPERIMENTAL DETAILS. 


The determination of thermal conductivity requires the measurement 
of three quantities: the dimensions of the rod, energy flow and temper- 
ature difference between the inside and outside of the rod. 

1. Dimensions of the Rod.—Preliminary experiments showed that on 
heating a hollow rod six inches long the temperature was quite uniform 
over a length of one centimeter at the center. In order to decrease the 
heat flow to the ends of the rod the central hole was made larger at the 
ends and to within 1% centimeters of the center; this increased the heat 
generated each side of the center by increasing the resistance and made 
the temperature uniform over a greater length. Determinations of tem- 
perature inside the rod at about 1ooo° C. showed a variation of approxi- 
mately two per cent. over a length of two centimeters and less than one 
tenth of one per cent. over one centimeter. The measurement of tem- 
perature gradient did not require a uniform temperature over so great a 
length, but in the resistance determinations a uniform temperature was 
assumed over a length of one centimeter. The inside hole, .168 cm. in 
diameter, was drilled from each end and carefully reamed. In order to 
correct for any eccentricity, which might be present, temperature measure- 
ments were made at the ends of several radii in the central section. The 
outside diameter was approximately 1.2 cm., but varied slightly in the 
different determinations, due to polishing the surface. In order to elimi- 
nate oxidation the rod was enclosed symmetrically in a large, water- 
cooled cylinder from which the air could be exhausted. 

2. Energy Flow Measurements.—As sufficient direct current was not 
available a welding transformer was used, capable of furnishing 1700 
amperes at 214 volts. The current was measured by means of a Weston 
ammeter accurate within one per cent. and a current transformer de- 
signed by Professor E. Bennett, of the engineering department of the 
university, accurate within one per cent. The measurement of low 
voltages with alternating current being unreliable a separate determina- 
tion of the resistance at different temperatures was made, using direct 
current, and the resistance-temperature curve was plotted. For the 
resistance measurements the same rods were used as for thermal con- 
ductivity, with the outer diameter greatly reduced. The temperature 


for the resistance measurements was determined by a thermocouple in- 
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side the rod midway between the ends. The ammeter and voltmeter 
were calibrated in terms of laboratory standards. In order to eliminate 
the peltier effect at the point of contact of the potential terminals with 
the hot rod the terminals were made of fine wires of the same material 
as the rod; these being held parallel to each other and against the rod 
by brass frames. The distance between the terminals, approximately 
one centimeter, was measured by means of a micrometer gauge. 

3. Temperature Measurements.—The temperatures were determined by 
two thermocouples, of No. 40 platinum and platinum-rhodium wire, 
standardized by using the boiling point of sulphur, the freezing point of 
antimony and the melting points of silver and gold. The electromotive 
forces of the thermocouples were measured on a potentiometer made for 
this work, the slide wire being one meter in length with six additional re- 
sistances each equal to that of the wire. One millimeter indicated 2 
microvolts or about .2 degree and estimates were made to one tenth of 
this quantity. For small temperature differences the galvanometer de- 
flections were also calibrated and could be estimated to one fifth of a 
microvolt or approximately .o2 degree centigrade. 

Measurement of Temperature Inside the Rod.—For the measurement of 
temperature inside the rod, the fine wires leading to the thermocouple 
were enclosed in small quartz tubes running longitudinally through the 
inside of the rod, with the junction itself midway between the ends. 
Breaking the quartz tube at the center appeared to make no difference 
in the temperature determinations. 

Measurement of the Temperature of the Surface.—The greatest difficulty 
was to insure that the outer couple indicated the actual temperature of 


the surface; for this reason fine wires were used and, drawn diagonally 









































Fig. 2. 
SS, springs; CC, thermocouples; WW, weights; Q, quartz fiber; J, water-jacket. 
Springs were rotated from position shown 
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across the rod by two springs, were held close to the surface along its 
entire length (Fig. 2). The thermal junction was rolled in steel rolls to 
a thickness of .o1 mm. and forced into contact with the highly polished 
surface by the small springs and by small weights hung over the rod 
by means of quartz fibers. A uniformly radiating surface in the neigh- 
borhood of the couple was found to be most important, so that either the 
rod must be platinum plated or the thermal junction covered with a 
layer of the same material as the rod. On account of the difficulty of 
platinum plating the second method was adopted; a piece of the same 
material as the rod was rolled in the form of a ribbon to a thickness of 
Ol mm. A short piece of this was then placed over the couple and 
held in contact with the rod by the quartz fibers and small weights, 
producing a uniform surface over the entire rod. Under these conditions 
the difference in temperature between the inside and outside of the rod 
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Fig. 3. 


Variation of temperature-difference with temperature. 


was determined differentially at different temperatures and the curve 
plotted (Fig. 3, A); this curve could be repeated after rotating the outer 
couple around the rod, shifting slightly the inner couple or replacing the 
original couples by new ones from the same wire. The formation of a 
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thin layer of oxide produced but small effect. The curve B, Fig. 3, of 
no value in the determination of thermal conductivity, was obtained 
when the nickel foil covering the couple was removed and the couple 
exposed. The platinum, being a poorer radiator than the nickel, acted 
as a shield at this point and the temperature was raised; below 500° C. 
the outer couple indicated a higher temperature than the inner. Poor 
contact between the outer ribbon and the rod was quickly indicated by 
the unsteady readings of the couple. In the work with nickel the dis- 
sociation temperature of nickel oxide was reached, due to the low pres- 
sure, at about 900° and the protecting ribbon was so completely welded 
to the rod that the two could not be distinguished. With the couple 
welded to the rod and imbedded under the surface to a depth of .o1 
mm. the quartz fibers were removed and the thermal conductivity curve 
determined with the rod rotated 120 degrees and 240 degrees from its 
original position. The agreement of curves indicated a symmetrical 
radiation from the surface of the rod in all directions. The rod was also 
heated when exposed to the air and a thick layer of oxide formed; under 
these conditions the temperature gradient was increased as the radiation 
from the surface was greater than before and temperature differences, 
for given inside temperatures, were greater than indicated by the curve 
(Fig. 3, A). There was, however, a corresponding increase in the energy 
required to maintain this temperature and the computed thermal con- 
ductivity curve coincided with that found when a bright surface was 
used. As criteria for deciding that the true value of thermal conductivity 
is obtained by this method we have, with a bright surface, the repetition 
of the temperature difference curve, on rotating the rod, rotating the 
thermocouple around the rod, displacing slightly the inner couple or on 
replacing the original couples by new ones from the same wire and the 
repetition of the thermal conductivity curve with a different radiating 
surface and therefore a different temperature gradient. Considering all 
the errors in measuring the dimensions of the rod, temperature, resist- 
ance and current, even when alternating current is used the error should 
be less than two per cent. above 300° C., while with direct current the 
error should not be over one per cent. 


RESULTs. NICKEL. 

Two rods of nickel from the same piece were used. This was obtained 
from H. Boker, New York, as the best available and no analysis has yet 
been made; probably however, it contains from two to three per cent 
of cobalt. The first rod was not heated above 700° C., and, within 
experimental error, gave the same temperature difference between the 
inside and outside, at a given inside temperature, for different positions 
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of the couple around the rod and with the first couples replaced by new 
ones of the same wire. The second rod was of the same dimensions as 
the first and the curve showing temperature difference between the inside 
and outside of the rod for different temperatures coincided with that 
for the first rod and is shown in Fig. 3, A. The sharp rise in the curve 
at about 300° C. indicates the temperature at which nickel loses its 
magnetic properties; a change in the slope of the curve is also seen at 
about 700° C. From the electrical resistance at different temperatures, 
as shown in Fig. 4, the thermal conductivity at different temperatures 
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Fig. 4. 
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Resistance of nickel between 0° and 1200° C. 
sudden cooling; the full line, the resistance on first heating. 


The dotted line shows the resistance after 


was computed and the curve drawn (Fig. 5). If this curve is prolonged 
to zero it will pass very nearlv through the values of thermal conductivity 
given by Jager and Diesselhorst, viz., .1420 at 18° C. and .1374 at 100° C. 
A prolongation of the curve may also be obtained by extending the 
temperature difference curve, shown by the dotted line in Fig. 3, A, as 
if undisturbed by skin effect and computing the thermal conductivity, 
at any temperature, from the current required to produce this tempera- 
ture and the temperature difference determined from the curve. The 
second method is less reliable, however, as it does not allow for the fact 
that a greater amount of energy is required to produce a given inside 
temperature than if there were no skin effect. If the values of thermal 
conductivity found by Jager and Diesselhorst at 18° C. and 100° C. are 
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assumed for this specimen there is no change in the slope of the thermal 
conductivity curve at the temperature where nickel loses its magnetic 
properties, where, however, the change in the electrical conductivity is 
very marked. The thermal conductivity decreases more rapidly as the 
temperature increases up to 700° C., where its value is .069. At this 
point there is a most decided change in slope and the thermal conduc- 
tivity decreases very slowly to 1225° C., with a value of .058 at this 
temperature. From the abrupt change in the slope of the curve one 
would conclude that an allotropic form of nickel is formed at about 700° C. 

The temperature difference curve (Fig. 3, A) was repeated many times, 
and it was found that the readings did not check with the original curve 
between 300° C. and 420° C. after the rod had been suddenly cooled from 
high temperatures; the form of the new curve is shown by C, Fig. 3. 
Due to the sudden cooling the magnetic transformation point, as indi- 
cated by the sudden rise in the temperature difference curve, was changed 
from 310° C. to about 420° C. After annealing at about goo0° C. and 
cooling very clowly to room temperature the transformation point was 
found at about 290° C., lower than at first. With this treatment it was 
possible to shift the transformation point at will between these limiting 
temperatures, 290° C. and 420° C. 

As there is a decided change of slope in the electrical resistance curve 
at the magnetic transformation point the change in this curve was in- 
vestigated when the transformation point was shifted; it had already 
been noticed that a smooth resistance curve could be passed through 
the points determined on the first heating of the rod, while those deter- 
mined on cooling were not on this curve. The form of the curve as first 
determined and after sudden cooling is shown in Fig. 4, the transformation 
point being at 310° C. in the first case and approximately 420° C. in the 
second. With the transformation point between these limits the tem- 
perature-resistance curves were determined and when the transformation 
point was between 350° C. and 400° C., as assumed by Harrison! and 
Marvin,’ the resistance between 0° C. and 350° C. could be approxi- 
mately represented by a parabola. For a lower transformation point 
the form of the curve was shown by Knott’ and is nearly a straight line 
up to 200° C. where the slope increases and continues nearly constant 
to the transformation point. Investigations of the magnetic properties 
of nickel by different observers have shown the transformation point to 
vary between 270° C. and 400° C.;* the lower values were commonly 

1E. P. Harrison, Phil. Mag., June, 1904. 

2C. F. Marvin, Puys. REv., 30, p. 522, 1910. 


3C. G. Knott, Trans. Roy. Soc. Edinb., p. 33, 1888. 
4 Honda and Shimizu, Phil. Mag., Oct., 1903. 
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supposed to be due to impurities, but from this work appear to depend 
more upon the treatment of the specimen. The probable explanation 
of the fact that different observers have not obtained more nearly the 
same magnetic transformation point is the lack of annealing at a suffi- 
ciently high temperature. 

It is customary to associate a change in the properties of a substance 
with a change in molecular structure and metallurgists have found an 
alpha, beta, gamma and even a delta state for iron and an alpha and 
beta state for nickel, but I believe this is the first indication of a third 


allotropic form, ‘“‘gamma,”’ for nickel, which appears at about 700° C. 
The change in the thermal conductivity curve at this temperature is 


very decided, as is shown in Fig. 5; the change in the resistance curve 


| 





Fig. 5. 


Thermal conductivity of nickel, 300°-1200° C. XX, values of Jager and Diesselhorst. 


is not marked when the transformation point is in the neighborhood of 
300° C., but with the transformation point at 420° C. a decided change 
of slope is observed. In the resistance curve given by Sommerville,! 
this change of slope is not apparent, but in a later paper? where the slope 
of the curve is given the charge is plainly shown. Apparently there is a 
molecular rearrangement at about 700° C., producing an allotropic form 
of nickel, which is carried down by quenching and causes a change in 
the resistance and magnetic properties. 

In order to compare the elasticity under different conditions a test 
was made with a Shore scleroscope, by measuring the rebound of a small 
hammer dropped upon the specimen; using the same rod as for the 
electrical and thermal conductivity experiments, the rebound was found 
to be much less after quenching, in the ratio of 7.2 to 14. 


1A. A. Sommerville, PHys. REV., 30, p. 532, 1910. 
2A. A. Sommerville, Puys. REV., 31, p. 261, Ig10. 
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ALUMINUM. 
A single aluminum rod, of the best commerical grade, 99 per cent. pure, 
was tested. The determination of thermal conductivity, shown in Fig. 6, 
- 
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Thermal conductivity of aluminum. X  X, values of Jager and Diesselhorst. 


was less satisfactory than with nickel, on account of the low electrical 
resistance and high thermal conductivity, which increases with tempera- 
ture; both of these properties tending to decrease the temperature dif- 
ference between the inside and outside of the rod. The determinations 
near 100° C. agree well, however, with the value .492, which was found 

il 

10 


9 





Resistance of aluminum. 


by Jager and Diesselhorst at this temperature and their values were used 
to prolong the curve to zero. Their values may be assumed for this 
specimen as the purity of the aluminum was about the same in both 
cases. The thermal conductivity of aluminum increases more rapidly 
at high temperatures than between 18° C. and 100° C., increasing from 
.49 at 100° C. to 1.0 at about 600° C. 

In order to insure good contact with aluminum, where the protecting 
strip could not be welded to the rod, a small weight with a very sharp 
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point was dropped repeatedly upon this outer strip and very fine holes 
made into the rod, then with a small hammer the strip was pounded down 
tight and smooth over the surface. By this method very many small 
portions of the outer strip were forced into the holes in the rod and the 
strip held in close contact. 

The electrical resistance curve (Fig. 7) coincides very closely with that 
given by Sommerville! for a good grade of commercial aluminum. 


SUMMARY. 


1. A new method of determining thermal conductivity has been tried 
and shown practicable with metals at high temperatures. 

2. The thermal conductivity of nickel, between 300° C. and 1200° C. 
and of aluminum between 100° C. and 600° C. has been determined. 

3. There is no constant ratio between electrical and thermal conduc- 
tivities for these metals at high temperatures. At high temperatures the 
thermal conductivity of aluminum increases, and of nickel up to 700° C. 
decreases, more rapidly than from 0° C. to 100° C.; above 700° C. the 
thermal conductivity of nickel decreases very slowly up to 1225° C. 

4. A third allotropic state for nickel has been found at about 700° C., 
with a change in the form of the electrical and thermal conductivity 
curves at this point. 

5. The magnetic critical temperature of nickel has been shown to be 
shifted through a range of one hundred and thirty degrees by heat treat- 
ment; annealing from high temperatures giving a low value and sudden 
cooling producing values as high as 420° C. 

6. The electrical resistance of nickel between 0° C. and 1200° C. and 
of aluminum between 0° C. and 600° C. has been found and, for nickel, 
the change in the form of the curve which accompanies a change in the 
magnetic critical temperature due to heat treatment has been determined. 
It was found that the temperature-resistance curve could be approximated 
by a parabola only when the critical temperature was in the neighborhood 
of 370° C. 

7. The elasticity of nickel was greatly reduced by quenching, but 
could be increased to its original value by annealing at high temperatures. 

In conclusion I wish to express my most sincere thanks to Professor 
Snow for placing the necessary apparatus at my disposal and to Pro- 
fessors Mendenhall and Mason for their kindly interest and helpful 
suggestions throughout this investigation. 

PHYSICAL LABORATORY, 
UNIVERSITY OF WISCONSIN, 
July, rort. 


1A. A. Sommerville, PHys. REv., 31, p. 261, IgIo. 
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ON THE FATIGUE OF METALS SUBJECTED TO ROENTGEN 
RADIATION, IN THE PRESENCE OF CHEMI- 
CALLY ACTIVE GASES. 


By Epwarp G. RIEMAN. 


HE recent experiments by Professor More' and Dr. Gowdy,? show 
that metals, subjected to Roentgen radiation, suffer changes of 
secondary radiation, in a manner somewhat similar to that found by 
Hallwachs’ in the case of metals acted upon by ultraviolet light. This 
action has been designated by the term fatigue. 

For example, it was found that a freshly polished iron disk, when ex- 
posed to X-rays, in an atmosphere of air, gave after three hours exposure, 
a secondary radiation which was four per cent. greater than the original. 
On the other hand, a disk of lead exposed for the same length of time, 
under the same conditions, showed a decrease in secondary radiation of 
three per cent. 

Furthermore, it was found that chemical change of the surface was 
necessary in order to have fatigue take place. Metals exposed in the 
inactive gas, carbon dioxide, showed no fatigue. Disks whose surfaces 
were old and chemically stable gave no fatigue when experimented upon 
in an atmosphere of air. 

As the above authors have worked only with air and ozone, both of 
which form oxides on the surfaces of metals, it is desirable to study the 
effects which occur in atmospheres of other chemically active gases and 
vapors. 

Practically the same apparatus and methods were employed in the 
following experiments as were used by Dr. Gowdy. A brief description 
of these can be given as follows: 

The X-ray tube, 7, which can be rotated about a vertical axis is 
contained in a large lead-covered box. Two thick brass tubes, P; and Po, 
direct the rays into two similar cubical ionization chambers. An alumi- 
num gauze, G, is supported by ebonite insulators and is held firm at a 
distance of one centimeter from the disk holder, H. This holder is 
designed to carry the disk and is held in place by the sulphur plug, S. 
Highly insulated and metallically shielded wires connect the holders 

1 More, Phil. Mag., XIII., p. 708. 


2 Gowdy, Puys. REv., Jan., 1910, p. 62. 
8 Hallwachs, Sitzungsbericht der Ges. der Wissensch. zu Leipzig, LVIII., 1906, p. 341. 
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to the Wilson electroscope, E. The two gauzes are maintained at 
opposite potentials of 80 volts, this being sufficient to produce saturation. 
The process of taking readings was as follows. 

Two disks of the same metal, one called the standard and the other, 
the trial plate, were placed in the holders. By rotating the X-ray tube, 
the radiation falling upon the disks was adjusted so as to make the two 
currents set up in the ionization chambers exactly equal; this balance 
could be recognized when no deflection of the electroscope occurred. 
When the balance had been obtained, electrical connection between the 
electroscope and the holder of the trial plate was broken by means of the 
switch, W, and a time deflection reading, called, ¢;, was taken in order 
to get a quantity proportional to the amount of secondary radiation 
given off by the standard plate. Owing to the existing electrical balance, 
this amount was also necessarily equal to the amount given off by the 
trial plate. Several readings for both plates showed this to be the case. 

The standard plate was then shielded while the other remained exposed 
to the X-rays. At intervals of an hour, trials were made to see whether 
or not the balance still existed; if it persisted, both plates were evidently 
still giving off equal amounts of secondary radiation However, if the 
balance were destroyed, a time deflection reading, fg, was taken, and this 
reading served to indicate the increase or decrease of secondary radiation 
given off by the trial plate. A substitution of the readings, tf; and fa, in 
the formula developed by Dr. Gowdy gave the percentage fatigue suffered 
by the exposed plate. 

For further details reference may be made to the papers cited. 

Although this balance method is in itself accurate, certain refinements 
in the method of taking readings have been adopted for the following 
experiments. It is evident, that a true reading for fatigue can only be 
taken when the following conditions are fulfilled. First, the specific 
ionization of the atmosphere in which the readings are taken, must be 
the same for every observation. Second, the primary radiation falling 
upon the disks, for each subsequent reading, should be equal to that 
for the first reading, 4. 

The first of these conditions was obtained by taking all observations 
when the disks were in an atmosphere of dry air; no other gas being 
permitted in the ionization chambers. The bombardment of the plates 
by the X-rays, and their fatigue occurred in a specially constructed box 
which was so arranged, that while both plates were subject to the action 
of the chemically active vapor or gas, the trial plate alone was exposed 
to the X-rays. Thus, any change in sensitiveness, which would be 


caused by the exposure to the vapor itself, would be balanced; since both 
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plates suffered a like amount, and the fatigue noted in the observations, 
would be due entirely to the action of the Roentgen rays upon the trial 
plate. 

In order to be certain that the primary radiation falling upon the 
disks was the same for every reading the following method was resorted to. 
After the original balance at the start of any series of readings had been 
established and the reading, 4, taken, the disks were removed quickly from 
the holders and placed in the bombarding chamber. Readings were 
then taken to give the amount of secondary radiation for each of the 
holders. Thus the above mentioned second condition of refinement 
could be fulfilled, by simply adjusting the X-ray tube until the readings 
for secondary radiation from the holders, with the disks removed, were 
duplicated. This was, as a rule, easily accomplished and made every 
reading valuable. 

In order to reduce possible irregularities, such as arise from a pro- 
longed operation of the coil and tube, two sets of coils and tubes were used. 
One of these could be employed to fatigue the disks, which requires no 
absolute regularity, and the other be kept in reserve for accurate meas- 
urements. 

Oxygen, chlorine, bromine, hydrogen sulphide, nitric acid and hydro- 
chloric acid were the gases and fumes with which experiments were 
tried. Carbon-dioxide, which is inactive, and in the presence of which no 
fatigue occurs, served as a dilutent for these other highly active chemical 
agents. Experiments were also tried with mixtures varying in the 
percentage of carbon dioxide. All gases before entering the exposure 
chamber were carefully purified and dried. 














Fig. 1. 


Table I. shows results for fatigue occurring in an atmosphere of almost 
pure oxygen; Table II. the results when about 50 per cent. carbon dioxide 
was present. The figures represent the percentage of radiation given off, 
by the fatigue plates, where 100 indicates the initial amount. In Table I., 
the values are the average of from two to four different series of exposures 
while those in Table II. are single readings. 
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TABLE I. 


Fresh Surfaces in Pure Oxygen. 


Hours. Fe. Cu. Sn. Pb. Zn. 
1 100.0 100.0 — 100.0 100.0 — 100.0 — 
2 100.0 + 99.5 — 100.0 — 99.0 — 99.5 
3 100.5+ 99.0 — 99.0— 98.0+ 99.0 + 
4 100.5+ 99.5 99.0— 98.5— 98.5— 
5 101.0+ 98.5+ 99.0+ 97.5 99.0 — 
6 102.0+ 98.5+ 98.0+ 96.0+ 98.0 — 
7 101.5 —_—— —_—— -——— 98.0 
bad —_—_——_ 98.0 — —— 97.0 
9 102.0+ ——_—_——— 99.0 — 97.5— - 


TABLE II. 


Fresh Surfaces in Oxygen and CQs. 





Hours. Fe. Cu. Sn. Pb. Zn. 
1 100.0 100.0 — 100.0 — 99.5 — 100.0 
2 100.0 100.0 — 99.0+ 99.5 100.0 
3 100.0+ 99.0+ 99.0 98.0 — —_—_—— 
4 100.5 98.5+ 99.0+ 98.5— 99.0 
5 101.5 99.0— 98.5 — ——— 97.5+ 
6 101.5— 99.0 — ae 96.0 — a 
7 —— 98.5+ — —_—— 98.5— 
8 102.0+ ares 98.5+ eee 
9 102.5— 99.0 — —— 97.0— -—— —-= 


The formation of an iridescent film was noted in the case of the exposed 
copper disk. This film was always more noticeable on the days following 
the exposure, so the chemical action apparently persisted after the experi- 
ment. A film also formed on the standard copper plate causing it to 
appear dull in comparison to the other. Iron and lead also showed a 


small film action. 
TABLE III. 


Aged Surface in Chlorine and COz Mixture. 





Hours. Fe. Cu. Sn. Pb. Zn. 
1 100.0 — 100.0 100.0 100.0 — 100.0 — 
2 100.0 — 100.0 — 100.0 + 99.0+ — 
3 100.0 — 100.0+ 99.0+ 98.0 99.0 — 
4 99.5 — 99.0— 100.0 — 99.0— 
5 99.5+ 99.5 —— —_—— 97.5— 
6 99.0+ ———— 100.5 — —-—— 96.5+ 
7 98.5 98.5— —— 97.5— —_—_—_—— 
8 99.0 — — 100.5+ 97.0— 97.5 





9 99.0— 97.0+ —_— — en 





Al. 


100.0 | 
100.0 — 
99.5+ 
100.0 — 
100.0 — 
100.0 


100.0 — 


100.0 — 


100.0 — 


Al, 


100.0 { 
100.0 
100.0+ 











100.0+ 
100.5 — 
101.0— 


100.5+ 
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TABLE IV. 
Freshly Polished Surfaces in Cl and COz Mixture. 








Hours. Fe. Cu. Sn. Pb Zn Al. 
1 100.0 — 100.0 99.0+ 100.0 — 100.0 — 100.0 
y 100.0 — 99.0+ 99.0— 99.0— 99.5 — 100.0 — 
3 99.5+ 98.5 — 98.0 — 98.0— 99.5— 
4 99.5+ 97.5 98.0 98.0+ 99.0+ 100.0 — 
5 99.0+ 97.0— 98.5— 96.5 —— 100.0 
6 100.0 — 98.0 — —— 96.0 — 97.0+ 100.0+ 
7 100.0 — 98.0— 98.5— 98.0— 100.0+ 
8 99.0 ———_— ——_ 97.5 _—_—_—_— 100.0 — 
9 905- | —-—«— — = —_—-——— 98.0+ 100.0 


Table III. shows the results when an old oxide coated surface, five to 
six days old, suffers fatigue in an atmosphere of chlorine and carbon 
dioxide; Table IV., the observations for freshly polished surfaces. In 
comparing the readings for iron on the two tables, it is curious to note 
that the old stable surface suffered a fatigue equal to one and a half per 
cent., while the freshly polished iron disks showed only a slight fatigue. 
It is possible to explain this if we remember, that in the case of an old 
stable oxide surface, oxidation and its accompanying increase of secondary 
radiation is not likely to take place. In the case of a freshly polished 
disk, enough air might cling to the newly formed chloride surfaces 
during the transfers to and from the ionization chambers, to cause an 
oxygen fatigue to take place along with the chlorine, and thus retard the 
decrease of sensitiveness due to the action of chlorine. That something 
of this nature must occur will be shown by the results of later experi- 
ments. According to Table III. tin and aluminum suffered an increase of 
sensitiveness. This was the only case in which aluminum showed any 
decided fatigue. Experiments were also tried for mixtures containing 
different percentages of chlorine. The results were practically the same 
as those given and were therefore not tabulated. 


TABLE V. 
Long Exposure in Cl and CO: Mixture. 


Hours. Fe. Fe. 





























Fe Za. Za Zn 
6 ———- 98.0 
7 99.0— _ 
8 98.0 — 98.5 > 
9 99.0— 98.5— 98.5 98.0+ 97.5— 





Table V. shows the readings taken for freshly polished iron and zinc 
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disks, which were allowed to remain in the exposure chamber six hours or 
more, before observations were taken. In this way any oxidation due to 
In the case of iron we 


The 


fatigue for zinc was practically the same as is given in the former table. 


the air in the ionization chambers was avoided. 
see that the fatigue is decidedly greater than that given in Table IV. 



























































“ss 
TABLE VI. 
Freshly Polished Iron in Chlorine and Oxygen Mixtures. 
Hours. 5 Per Cent. Cl. Spec. I. 15 Per Cent. Cl. Spec. II. 20 Per Cent. Cl. Spec. III. 
1 100.0 100.5 
2 100.0 100.0 100.0 + 
3 —_—— 99.5— 100.0 
4 99.5+ 99.5— 99.5+ 
5 100.0+ 99.0 — 
6 100.0 — 99.5— —— 
7 100.0 — —_——_ 99.5+ 
TABLE VII. 
Disks Previously Exposed to Cl and O, in Nitric Acid. 
Hours. Fe. Cu. Sn. Pb. Zn. Al. 
1 | 100.0— 100.0 100.0 100.0 — 99.5— 100.0 
2 | 100.0— | 100.0 100.0 99.5 99.0 — 100.0 — 
3 99.5— 100.0 — ——— 
+ 99.0+ 100.0 — 100.0 — 99.0+ 99.5— 100.0 — 
5 99.5— —_—-—— 98.0 — — 100.0 
6 —---- 98.5 — 98.5+ pecan 
7 _—_—— 99.5— 100.0 — — - - 100.0 
8 —_—— — 97.0— —— — 
9 ——- 99.0 ~--- 99.0— —_—_—— — 
TABLE VIII. 
Fresh Surfaces in Nitric Acid. 
Hours. Fe. Cu. Sn. Pb. Sn. P 
1 100.0— 99.0— — 99.5 — 99.0— 
2 100.0 — 98.0 — —_——— 99.5+ 99.0— 
3 100.0 — 97.0+ — —_ — 
4 99.5— 97.5 99.0+ 99.5 99.5 ‘ 
5 99.0— 97.0+ a 99.0 99.5— 
6 99.5 — 96.0 — 100.0 — —_-— 99.0+ 
7 99.0 96.0— 100.0+ 99.0— —-—— 
8 98.0 — 98.5— 
9 98.0— —_——- aa a —_—— 








Table VI., which shows the results 


for three series of readings taken 
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for mixtures of oxygen and chlorine, indicates that hardly any fatigue 
takes place in this atmosphere. Mixtures varying in chlorine from five to 
twenty per cent. were used. This table substantiates the former pro- 
posed ‘theory, namely that for a mixture of two chemically active gases 
a double fatigue may take place. In this case the oxygen by Table I. 
would cause an increase in sensitiveness while the chlorine according to 
Table V. a decrease. The two fatigues occurring at the same time would 
counteract each other and hence no change of sensitiveness would be noted. 

The readings in Table VII. give the fatigue of metals which had pre- 
viously suffered exposure in both chlorine and oxygen, and were then 
fatigued in an atmosphere of carbon dioxide and nitric acid fumes. The 
lead and zinc disks, although thickly coated with films due to the chlorine 
and oxygen, show a decided change of sensitiveness. 

Table VIII. gives the results for freshly polished disks fatigued in an 
atmosphere of carbon dioxide which had passed over fuming nitric acid. 
Copper showed a very noticeable fatigue and also a decided film action. 


TABLE IX. 


Fresh Surfaces in Bromine and COs>. 


Hours. Fe. Cu. Sn. Pb. Zn. Al. 
1 100.0 100.0—- # =— - 100.0 — 100.0 100.0 
2 100.0 100.0 — 100.0 — 99.5 100.0 100.0 — 
3 100.0 — 100.0 — 99.5 — 99.5— ~ a ~ 
4 100.0 — — —_——_ 99.5 — 100.0 — —— - 
5 99.5 — 100.0 — _—___— —_—— — 
6 100.04 —— 99.0 — 99.0+ 100.0 — 100.0 — 
7 99.5 — 98.5— ——— 100.0 — ——-- 
S 
9 
TABLE X. 
Fresh Surfaces in HCl Fumes and COs>. 
Hours. Fe. Cu. Sn. Pb. Zn. 
1 100 100 100.0 100.0 100.0 
2 100 —— - 99.0— 100.0 100.0 — 
3 99.5 99.0— 99.5— 99.5+ 99.5— 
4 99.5— 98.0— 99,.5— 99.5+ 99.5 — 
5 ——— 98.0 98.5 100.0 — —— 
6 99.0+- 96.5— 98.0 — 99.0+- 
7 99.5 96.0 98.0 — ——— 99.0 
8 ——_ 96.5— — 99.5— ——— 
9 —_—_— ———— 97.0— —_—— 99.5— 


Tables IX. and X. give the fatigue for disks with fresh surfaces, exposed 
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in bromine vapor and COs. 
hardly any fatigue was noted except in the case of tin. 
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While bromine caused a decided film action, 
The fatigue 


occurring in hydrochloric acid fumes was about equal to that for chlorine 


gas, copper giving a slightly greater change for the fumes. 





TABLE XI. 
HCl Coated Disks in Hydrogen Sulphide and CO.2 





Hours. Fe. Cu. Sn. Pb. Zn. 

1 100.0 100.0 100.0 — 99.5 100.0 

2 100.0 100.0 — 100.0— 99.0— 100.0 

3 100.0 — 98.5 100.0 — — 99.0+ 

4 100.0 99.0+ 99.5 — 98.0 — 98.5 — 

5 100.5+ 99.5— 98.5— 97.5+ 99.0 

6 100.0 98.5 98.0 96.5 —— 

7 _ 98.0 98.0 98.5+ —— 

8 

9 

TABLE XII. 
Freshly Polished Disks in H2S and CO:. 
Hours. Fe. Cu. Pb. Zn. 

1 100.0 100.0 100.0 99.0+ 
2 100.0 100.0 99.5 — 98.0— 
3 100.5+ 100.0 98.0— 98.0 — 
4 100.5 98.5+ 96.5 — 98.0 — 
5 ———— 98.0 — 95.0 —_—— 
6 101.0+ 97.0 95.0— —- 
7 101.0+ 97.5— 95.0— 98.0+ 
8 98.5 — 94.5— eee 
9 











Tables XI. and XII. show results for exposure occurring in atmospheres 
of H.S and COs. 
gave the greatest fatigue of any metal in any gas. 


Freshly polished lead, immersed in hydrogen sulphide, 
The readings given 
for lead are the averages of three series of observations. The film action 


for hydrogen sulphide was very noticeable for every metal. 


SUMMARY OF RESULTs. 

Fatigue occurred when freshly polished surfaces of iron, copper, tin, 
lead, and zinc were exposed to X-rays, in the presence of oxygen or a 
mixture of oxygen and carbon dioxide. Aluminum showed no appreci- 
able change. 


oxygen was practically equal to that which occurred when fifty per cent. 


The fatigue for metals exposed in an atmosphere of pure 
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CO, was present. It was also found that the changes in secondary 
radiation of all metals in chlorine and CQO, were pratically of the same 
amount, although the percentage of the mixture was varied through 
rather wide limits. 

Old oxide surfaces, which are stable so far as fatigue in an atmosphere of 
oxygen is concerned, showed decided fatigue when tested in chlorine. 

In the case of iron exposed in an atmosphere of chlorine and oxygen, a 
double fatigue seemed to take place, one tending to increase and the other 
to decrease the radiation. 

Fatigue was found for metals with freshly polished surfaces when 
exposed in chlorine, bromine, nitric acid fumes, hydrogen sulphide, and 
hydrochloric acid. In some cases, surfaces which had undergone a 
previous chemical combination, showed a further combination and 
fatigue when exposed to another chemical agent and the X-rays. 

No relation has been found between the amount of fatigue for a metal 
and the corresponding activity of chemical action of the gas and the metal. 

In conclusion I wish to extend to Professor More my sincere thanks for 
his advice and many suggestions during this work and also acknowledge 
the assistance rendered by the grant from the Bache Fund of the National 
Academy of Sciences. 

UNIVERSITY OF CINCINNATI, 


June, Igrt. 
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NEW RECORDS OF SOUND WAVES FROM A VIBRATING 
FLAME. 


By JosEPH G. BROWN. 


s " iaaseaniicinane flames are commonly classified as singing flames 

sensitive flames, and manometric flames. The singing flame was 
first observed by Higgins! in 1777, soon after the discovery of hydrogen. 
The term singing flame is now usually limited to flames which vibrate 
in a pipe or other resonator. The sensitive flame was first observed by 
LeConte® in 1858, and any naked flame which vibrates under the action 
of sound waves is termed sensitive. In 1862 Koenig*® devised his mano- 
metric capsule, and he called the flame which was made to vibrate by 
means of the capsule a manometric flame. 

In the study of vibrating flames two distinct optical methods have 
been employed. The method of the revolving mirror was first applied 
by Wheatstone* in 1834 to the singing flame. Tyndall,> Barrett,’ and 
others made observations by this method upon both the singing and 
sensitive flames. 

The stroboscopic method of observation was devised by Toepler’ in 
1866. As a means of examining the action of the vibrating flame this 
method is unsurpassed; because the different phases of the vibration 
may be observed and studied at will, and made to succeed each other at 
any desired rate. 

FLAME PICTURES. 

When Koenig devised his manometric flame he used the revolving 
mirror method of observation and called the view which he thus obtained 
a flame picture. In his attempt to analyze the vowel sounds, Koenig*® 
sketched a number of these flame pictures. Later, the flame pictures 
were photographed by Doumer,’ Merritt,’ Hallock,"! Nichols and Mer- 
ritt, and Austin.” 

It is very evident that the flame pictures are in no sense time-dis- 


placement diagrams of the sound waves producing them. They are 


1 Nicholson’s Jour., 1, 129, 1802. 8 Phil. Mag. (4), 45, I and 105, 1873. 
2 Am. Jour. of Sci., 75, 62, 1858. 9 Phil. Mag. (5), 22, 309, 1886. 

3 Pogg. Ann., 122, 242, 1864. 10 Puys. REV., I, 166, 1893. 

4 Phil. Trans., 1834, p. 586.  Puys. REV. 2, 305, 1895. 

§ Phil. Mag. (4), 13, 473, 1857. 122 Puys. REV., 7, 93, 1898. 

6 Phil. Mag. (4), 33, 26, 1867. 13 Puys. REV., 12, I2I, IQOI. 


7 Pogg. Ann., 128, 126, 1866. 

















No. 5.) RECORDS OF SOUND WAVES FROM A VIBRATING FLAME. 443 


overlapping images of successive phases of the vibrating flame, and the 
wave form can only be inferred approximately from such a result. The 
luminous tip of the vibrating flame is not a definite thing which vibrates 
vertically. The stroboscopic observations of Toepler' and the photo- 
graphs of Marbe and Seddig? show that the flame consists of alternating 
expansions and contractions which continually move upward and burn 
out as they rise. The expansions are much brighter than the con- 
tractions and often are the only luminous parts of the flame. If the 
variations in pressure are quite small as compared with the mean pressure 
of the gas, the shape of the flame changes very little and the tip executes 
a vertical vibration. In this case, the flame picture approaches a time- 
displacement diagram, but the distortion due to the upward moving 
enlargements and contractions is always noticeable. If the variations 
in pressure are large, the change in shape of the flame is very marked, 
the tip becoming mushroom shaped. Or if the change in pressure is 
large and sudden, a vortex ring is formed which separates entirely from 
the main body of the flame. 

On account of this complicated action of the vibrating flame, the flame 
pictures have never been very successful as a means of analyzing sound 
waves. Some time ago it occurred to me that certain modifications in 
the flame and in the method of making observations, might result in 
obtaining a time-displacement diagram which would give the wave form 
with considerable accuracy. The chief object of this paper is to describe 
some attempts which I have made with this object in view, and to 
present some of the records obtained. 

My plan has been to vibrate a flame with sound waves of known form 
and then to modify the conditions until the wave form was obtained. 
The sound wave from a telephone receiver vibrated by the alternating 
current of the lighting circuit, was used as a standard source for all 
preliminary trials. The arrangement was very similar to that used by 
Austin,*® and later by Marbe.*. The oscillograph record of this circuit 
was extremely close to a sine curve, and the vibration of the telephone 
disc, when tested by the method of D. C. Miller,’ was found to be almost 
simple harmonic. 

SMOKE RECORDs. 

The first modification which I tried suggested itself to me while I was 
repeating the smoke ring experiment of Marbe.6 This consisted in 

1 Loc. cit. 

2? Wied. Ann. (4), 30, 579, 1909. 

3 Loc. cit. 

4 Phys. Zeit., 7, 543, 1906. 


§ Puys. REv., 28, 151, 1909. 
* Loc. cit. 
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projecting the jet tube at a considerable angle away from the vertical, 
keeping it perpendicular to the direction of motion of the paper, and 
allowing the tip of the smoky acetylene flame to come in contact with 
the paper. My idea in doing this was that the variations in pressure 
which tend to lengthen and shorten the flame might give the tip a trans- 
verse vibration which would be indicated by the deposit of soot. I soon 
found that with proper adjustment of the jet the soot was deposited 
upon the paper in lines and bands. (See Fig. 1.) <A very fine line (a) was 
formed by a thread of soot which appeared to come from the center of the 
flame. A coarser line (0) was formed by a thread of soot which came 
from the forward side of the flame; 7. e., from the side in the direction 
in which the paper was moving. A similar thread came from the back- 
ward side of the flame, but it was not deposited upon the paper. A 
heavy, narrow band of soot (c) was deposited from the near side of the 
flame; 7. e., from the side nearest the jet; and a light, broad band (d) 
came from the far side of the flame. This result was obtained with a 
jet tube having an opening about I mm. in diameter, projected about 
65° away from the vertical, with the opening about 2 cm. from the paper, 





and with a gas pressure of about 2 mm. of water. The paper was in 
the form of a belt upon two brass drums. One drum was rotated by an 
electric motor and the flame was placed under the other drum. The | 
paper moved past the flame with a velocity of about 75 cm. per second. 
When the flame was vibrated by the telephone receiver the lines and 
bands of soot were deposited as shown in the right half of Fig. 1. It 
will be noticed that the fine line (a) indicates only the longitudinal 
vibration of the flame and comes the nearest to being a sine curve, hence 
represents most nearly the form of the sound wave. The coarse line 
(b) indicates the longitudinal vibration of the flame fairly well but it 
is not a sine curve, the distortion being due to the expansions and con- 
tractions of the flame. This distortion might be expected from the 
fact that this line is deposited from the edge of the flame, while the 
fine line is deposited from the center of the flame. The narrow band (c) 
shows the longitudinal vibrations to some extent, but on account of the 
transverse vibration the soot from the band is deposited heavier on 
certain areas when the relative velocity between the edge of the flame 
and the paper is small, and lighter on other areas when the relative 
velocity is large. This produces an interesting pattern which character- 
izes the vibration but is difficult of interpretation. The broad band of 
soot (d) shows this effect of the transverse vibration to a marked extent. 
I am inclined to think that the formation of the rings observed by Marbe 
is explained in the same way. 
Unfortunately the fine line does not stand out by itself but is partly 


























Physical Review, To face page 445. 
Vol. XXXIII. 





Fig. 8. 





Fig. 10. 





Fig. 11. 


F. G. BROWN. 


PLaTeE III. 































Physical Review, 
Vol. XXXII. 


Fig. 5. 











Tg face page 445. 








Fig. 6. 


Fig. 7. 


F. G- BROWN. 


PLATE II. 

















Physical Review. 
Vol. XXXII. 








To face page 445. 











Fig. 1. 


Fig. 3. 


Fig. 4. 


F. G. BROWN. 


PLATE I. 

















No. 5.| RECORDS OF SOUND WAVES FROM A VIBRATING FLAME. 445 


covered by soot from the other sources. This can be avoided by using 
a greater gas pressure and consequently a larger flame, but the sensi- 
tiveness is greatly reduced. Fig. 2 shows the result of this adjustment. 

A few records from other sources will serve to show the extent to 
which this method will reproduce complicated wave forms. The smoke 
record of an electrically vibrated tuning fork (m = 100) placed in 
front of a Koenig capsule, is shown in Fig. 3 (a). The result of the 
composition of this fork with the alternating current (m = 61) is shown in 
Fig. 3 (b).. A record of sung vowels is shown in Fig. 4; (a) is “‘e’’ as in 
‘*he,”’ 


and (0) is ‘‘a”’ asin “‘hay.” 


PHOTOGRAPHIC RECORDS. 

The second modification was suggested by the fact that the lower 
luminous edge of the projected flame seemed to be exceedingly sharp 
and to vibrate with considerable amplitude. This was especially 
noticeable when the jet tube was projected about 45° below the hori- 
zontal and a small quantity of illuminating gas was mixed with the 
acetylene to keep the flame from smoking. Fig. 5 is a photograph of 
such a flame when steady, and Fig. 6 is the same flame while being 
vibrated by the alternating current. When this vibrating flame was 
examined with a stroboscope, it was very evident that the longitudinal 
vibration at the base of the flame was very largely carried over into a 
transverse vibration of the luminous part of the flame. This is strikingly 
shown by a series of photographs of the flame secured by means of a 
coupled stroboscope and piston, a device designed by Prof. G. S. Moler 
and kindly placed at my disposal for this purpose. Fig. 7 shows thirty 
successive phases covering one complete vibration of the flame. 

When a narrow slit was placed before the flame so that the slit was 
perpendicular to the lower luminous edge, and the motion was examined 
by means of a revolving mirror having its axis parallel with the slit, it 
seemed probable that with proper adjustment of the slit a very good 
photographic record could be obtained. Accordingly a revolving film 
was arranged in a box so that an exposure could be made through a very 
narrow slit placed just in front of the film. The box was arranged so 
that it could be adjusted for focus and for position of the slit across the 
image of the flame. A shutter was connected with the wheel which 
carried the film in such a way that the exposure could be made at any 
time upon any quarter of the film. 

Fig. 8 shows the result obtained from the telephone receiver with two 
different values of the alternating current. The boundary line which 
indicates the motion of the lower edge of the flame is very close to a sine 
curve. Curve (a) happened to be of such amplitude that it could be 
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compared with Fig. 2 by superposition. The agreement was remarkably 
good, thus showing that both methods give the same wave form, and 
presumably the correct wave form of the source used. 

Fig. 9 shows two curves from the telephone made to vibrate with 
another alternating current. The frequency of this current was 20, 
and it contained a very marked third harmonic. In (b) the phase of 
the harmonic was advanced 180° from what it was in (a). 

Fig. 10 shows curves from the piston referred to above. In (d) 
the frequency was much greater than it was in (a). The peculiar form 
of these curves is due to the fact that the piston was vibrating in a 
cylinder closed at one end, and that the gas could leak around the piston. 
Record (}) is the curve which represents the vibration, the phases of 
which are shown in Fig. 7. 

For the sake of comparison I have included photographs of two flame 
‘ pictures. Fig. 11 (a) is the flame picture obtained when the telephone 
receiver is vibrated by the lighting current, and corresponds to the 
records shown in Fig. 2 and in Fig. 8. Fig. 11 (0) is the result when the 


piston vibrator is used, and corresponds to the record shown in Fig. 10 (0). 


CONCLUSION. 

It is doubtful whether the curves obtained from the vibrating flame 
by either of-the above methods will serve as well as other means for 
analyzing sound waves. The curves shown by Professor D. C. Miller 
at the April, 1911, meeting of the Physical Society show far more promise 
for this purpose. As records from a vibrating flame, however, it is 
believed that they are of far more value than are any records heretofore 
obtained. 

In all devices so far used in the analysis of sound waves, a correction 
must be made for the resonance effects, due to the free periods of the 
recording system, before the analysis is complete. In the case of the 
flame made to vibrate with the manometric capsule these effects are 
very small but certainly are not negligible. The preceding experi- 
ments show that a flame, made to vibrate by the variations in pressure 
of a sound wave within the gas jet, can be made to reproduce the curve 
which represents the form of the sound wave. If the flame could be 
made to vibrate with sufficient intensity by the variations in pressure of a 
sound wave in the free air outside of the gas jet, the resonance effects 
would be almost, if not wholly, eliminated. The observations of Marbe! 
and the results of some experiments which I have recently made seem to 
show that there is a possibility of accomplishing this result. 

STANFORD UNIVERSITY, 


August, IOrI. 
1 Phys. Zeit., 8, 92, 1907. 
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PROCEEDINGS 
OF THE 


AMERICAN PHYSICAL SOCIETY. 


MINUTES OF THE FIFTY-EIGHTH MEETING. 


HE regular fall meeting of the Physical Society was held in Fayerweather 
Hall, Columbia University, New York City, on Saturday, October 14, 
1911, with President W. F. Magie in the chair. 

The following papers were presented: 

A Study of Simultaneous Tracings from the Apex of the Heart and the 
Radial Artery with the Micrograph. ALBERT C. CREHORE. 

Torsional Rotatory Polarization. ARTHUR W. EWELL. 

Spectral Luminosity Curves Determined by the Method of Critical Fre- 
quencies. HERBERT E. IVEs. 

A New Form of Gold Leaf Electroscope: A Null Instrument. J.C. HUBBARD. 

The Electron Theory of Voltaic Force and Thermo-electricity. O. W. 
RICHARDSON. 

The Influence of the Contact Difference of Potential between the Plates 
Emitting and Receiving Electrons liberated by Ultra Violet Light. K. T. 
CoMPTON. 

A Study of Tracings from the Region near the Apex of the Heart. ALBERT 
C. CREHORE. 

A Study of the Presphygmic Period with the Micrograph. ALBERT C. 
CREHORE, 

The Positive Ionization from Hot Salts. O. W. RICHARDSON. 

On the Distribution and Direction of Motion of the Interference Bands of 
Light Formed by Thin Plates as the Thickness of the Plate Varies. ALBERT 
C. CREHORE. 

A New Virial Theorem. D. F. CoMstock. 

The Effect of Pressure on the Liquid and Five Solid Forms of Water. P. W. 
BRIDGMAN. 

A Method of Determining Mean Reflection Coefficients. W. S. FRANKLIN 
and J. H. WILEy. 

At the close of the program the meeting discussed briefly, in committee of 
the whole, the relations between the Society and the PHysicaL REVIEW, Mr. 
Franklin acting as chairman. When the committee rose the chairman an- 
nounced the adoption of the following resolutions: 

1. Resolved, that this meeting requests the council to present to the society 


a plan by which the society shall publish a journal. 
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2. Resolved, further, that the council be requested to enter into negotiations 
with the editors of the PHysiIcAL REVIEW to determine under what conditions 
the control of the REVIEW may be transferred to the society. 

Adjourned at 1:30 P.M. 

ERNEST MERITT, 


Secretary. 


THE ELECTRON THEORY OF CONTACT ELECTROMOTIVE FORCE AND OI 
THERMOELECTRICITY.! 


By O. W. RICHARDSON. 


DISCUSSION of the nature of contact electromotive force and of the 

laws of thermoelectricity on the view that metals contain a large number 
(nm per c.c.) of free electrons, dynamically equivalent to the molecules of a gas, 
which are retained in the metal by the action of forces near the boundary 
giving rise to work functions, w), we, etc., characteristic of each metal. This 
hypothesis has already been very successful in accounting for the laws which 
regulate the emission of negative electrons from hot bodies. Extensive use 
is also made of the theorem which has been proved by writers on the kinetic 
theory with sufficient generality to cover the conditions postulated, that if 
W is the work done in taking an electron from a point A to a point B then 

W = RO log —, 
Ne 

where R is the gas constant calculated for a single molecule, @ is the absolute 
temperature, and m, and m2 are the concentrations of the free electrons at A 
and B respectively. 
~~ By considering the-ease-of_a_ number of electrons in a thermally and elec- 
trically insulated enclosure it is shown that the condition for equilibrium is 
the invariance of w, — eV, — RO log ny, for every point A in the enclosure: 
where e is the charge of an electron, V, is the electric potential at A and w, 
is the work done by an electron in escaping from the metal in which A is. If 
A is in the space between the conductors w, = 0. It follows that there is a 
permanent difference of electric potential V,, — V, between any two conduc- 


tors which is given by 
, 7" I n 
J ~~ = J oo { im — Ug + R6 log ‘| 
€ Nm 


Experimental indications are that w» — wy, is much larger than the logarithmic 
term and is in all probability comparable with the observed Volta effects. 
If more complete knowledge of the values of the w’s confirms these indications 
it would follow that the observed contact differences are intrinsic properties 
of the metals and not due to chemical action. Several weak points in the current 
evidence in favor of chemical action are pointed out. 

1 Abstract of a paper presented at the New York meeting of the Physical Society, Oct. 
14, IQII. 
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By considering the transportation of a number of electrons around suitable 
circuits of different metals and at different temperatures, so that the transfer- 
ence is partly along connecting conductors and partly through the surrounding 
space, but always in a resverible manner, it is shown that: 

le 


P. 
* = RO log ~’, 
? 


P, 1 


I Rr d a I R d n 
= — — RO* (1 = —- 
. Wa 9 ig (Hoe a ae —1 R0 ip (I085,) 


%9/ P, e’ Tr 
Te = RY. log ( Ay do = ef, 5 9, 


ez _& , Py ff R, Ne 
= og = = 
dé “he P, 0 _o n, 


where z is the Peltier effect between the metals 1 and 2 at temperature 6, 
P, and P, are the respective pressures of the free electrons inside the same 


me = R@ log 


metals, m2. and m, are the corresponding concentrations, o is the specific heat of 
electricity, y is the ratio of the specific heats of the electrons at constant pressure 
and constant volume, m and Pp» are concentration and pressure of the in- 
ternal free electrons at a fixed temperature 6, and m and P the corresponding 
quantities at the variable temperature @. Finally T is the thermoelectro- 
motive force of a circuit of the metals 1 and 2 whose junctions are at 6’ and 
6 respectively. 

These formule agree with the results of Lord Kelvin’s theory of thermo- 
electric phenomena, but they are not in entire accordance with formule which 
other writers on the electron theory have deduced by using other methods. 
Reasons are given, however, for believing them to be correct. 

PALMER PHYSICAL LABORATORY, 
PRINCETON, N. J. 


THE INFLUENCE OF CONTACT DIFFERENCE OF POTENTIAL ON THE MEASURE- 
MENT OF ELECTRON VELOCITIES IN THE PHOTO-ELECTRIC EFFECT.! 


By Kart T. COMPTON. 


HE writer finds that when the velocities of the electrons liberated from 
metals by ultra-violet light are determined in the usual way, 7. e., by 
the relation 
|2Pe 
Nom’ 
where € and m are the charge and mass associated with an electron and P is 
the greatest retarding difference of potential against which the electron can 


9 
c 


escape from the emitting plate, the results are incorrect unless the contact 
1 Abstract of a paper presented at the New York meeting of the Physical Society, Oct. 
14, IQII. 
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difference of potential between the emitting and receiving plates is added to 
the externally applied difference of potential. 

The following results are established. 

I. When electron reflection is prevented by the use of a perforated screen 
and an auxiliary field, there is a shift of the ‘‘distribution of velocity’’ curves 
due, probably, to stray field through the perforations. This can be corrected 
for. 

II. The contact difference of potential between the emitting and receiving 
plates must be added to the applied difference of potential when making meas- 
urements of the electron velocities. 

III. When this contact difference of potential is corrected for, it is found 
that aluminium, zinc, brass, copper and platinum emit electrons with equal 
velocities. 

IV. The shift of the “distribution of velocity’’ curves with the time since 
polishing the plates is accounted for by the time changes in the contact differ- 
ence of potential between the plates. 

The above results were obtained with plates tested in a high vacuum within 
a reasonably short time after polishing. 

The writer expresses his indebtedness to Professor O. W. Richardson for his 
suggestions and advice during the investigation. 

PALMER PHYSICAL LABORATORY, 
PRINCETON, N. J. 


THE POosITIVE IONIZATION FROM Hort Sa ttTs.! 
By O. W. RICHARDSON. 


HE paper describes experiments by the author which, together with 
those of Dr. C. J. Davisson,? show that the positive ions emitted by 
salts are metallic atoms which, in almost every case, carry a single electronic 
charge. The only indication of multiple charges is in the case of certain 
zinc salts where there is some evidence of the occurrence of positive ions with 
a charge equal to 2e. The nature of the ions emitted by the salts is independent 
of the nature and pressure of the surrounding gas at ‘low pressure, but it is 
necessary, in order to account for the values of e/m given by a number of salts 
such as aluminium phosphate, to suppose that the ions they emit do not come 
from the salt itself but from some impurity with which it is contaminated. 
Generally speaking the contaminations seem to be salts of the alkali metals, 
which are very efficient emitters. 

The ionization produced by a large number of salts has been examined in 
gases (chiefly in air, however) at different pressures. The results are very 
complex and indicate that it is almost impossible to dednce anything as to the 

1 Abstract of a paper presented at the New York meeting of the Physical Society, Oct. 


14, IQII. 
2 Puys. REv., June, IgIt. 
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nature of the ions from experiments of this character. A specimen of pure 
aluminium phosphate has been prepared which shows a very small ionization 
in comparison with either ordinarily pure aluminium phosphate or with the 
salts of the alkali and alkaline earth metals at the same temperature. 

With some salts under certain conditions the decay of the positive ionization 
depends on the electrical field employed as well as on the time. A similar 
effect has already been shown by the author to characterize the positive ioni- 
zation emitted by ‘‘new”’ platinum wires. 

There is some indication that the action of vapors emitted by the salts on 
the hot platinum present in the apparatus is an important factor in the emission. 


TORSIONAL ROTATORY POLARIZATION.! 
By ARTHUT W. EWELL. 


XPERIMENTS which have been reported upon previously,?, demon- 
strated that torsional rotatory polarization is a joint effect of the twist 
and the accompanying transverse distortion. The latter produces double refrac- 
tion and the former rotates the axes of this double refraction into an helical 
configuration. The theory of the phenomena has been worked out and the 
relation between the total difference of phase due to this double refraction 
(irrespective of the helical arrangement), the total angle of twist, and the ro- 
tation, may be expressed graphically. If a segment of a circle be constructed 
of aperture equal to twice the total! twist, and whose arc is equal to the total 
difference of phase (in radians), the area of the segment is numerically twice 
the rotation (in radians). 

It is difficult to measure the relative distortion of a twisted cylinder, and 
therefore cylinders were formed with an initial helical structure. The section 
was rectangular (to obtain simple strains), and when they were compressed at 
each point perpendicular to two of the opposite sides, they resembled optically 
and mechanically a twisted cylinder. For each such helical cylinder was 
prepared a similar straight cylinder which was compressed an equal amount. 
The difference of phase in the latter and the rotatory polarization of the former 
were observed. The observed rotations always agreed, within the limits of 
experimental! error, with the rotation calculated by introducing the observed 
difference of phase and the angle of twist into the above graphical con- 
struction. 

WORCESTER POLYTECHNIC INSTITUTE, 
WORCESTER, MASss., 
September, IgII. 

1 Abstract of a paper presented at the New York meeting of the Physical Society, Oct. 
14, IQII. 
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